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PART I.—THE DRAINAGE PATH OF THE AQUEOUS HUMOUR. 


THE drainage of the aqueous humour has been a subject of research and 
speculation for many years. There is reason to believe that considerable 
drainage takes place at the angle of the anterior chamber, but the theories as 
to the path followed by the aqueous after passing through the endothelium of 
the filtration angle are open to criticism. 

The theory which has most support is that the aqueous passes into the 
canal of Schlemm and thence into the adjacent scleral veins. ‘This theory 
regards the canal of Schlemm as a vein. Since the pressure in the scleral 
veins has been shown by Duke-Elder (1926) to be greater than the intraocular 
pressure, and since the canal normally contains aqueous not blood, this 
necessitates fluid passing through an endothelial membrane into a region of 
higher pressure without an osmotic pressure to assist it. Such a theory is 
untenable. The belief that Schlemm’s canal is a vein rests upon the work of 
Henderson (1908), who showed, by means of serial sections, that there are 
minute connections between the canal and the adjacent scleral veins. If the 
canal is a vein it is peculiar in that it drains no capillary system, in that it 
does not drain into a vein of similar size at one point in its length and in that 
it does not normally contain blood. There is also an anatomical objection 
to the belief that it is a vein, for its wall consists of a single layer of endothelial 
cells which are applied directly to the surrounding tissue, and it has no fibrous 
coat (Thomson, 1911). Thomson described a “‘ pump action,’ whereby the 
contraction of the ciliary muscle pulls inwards the scleral spur and so opens 
up the canal. The elastic retraction of the pectinate ligament closes the canal 
when the ciliary muscle relaxes and aqueous is thus pumped into the scleral 
veins. The system described necessitates valves in the scleral veins and in 
the wall of the canal. Thomson says, “It is easy to imagine how the lymph 
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spaces around the angle may be provided with a system of valve-like 
openings.” Since minute particles such as those of Indian ink do not pass 
into the lumen of the canal from the anterior chamber (Nuel and Benoit, 
1895), there is evidence that no such direct communication between the 
anterior chamber and the canal exists. The evidence does not appear to 
justify the belief that the aqueous drains into the scleral veins vid Schlemm’s 
canal. 

Wegefarth (1914) describes tufts of cells projecting into the scleral veins 
adjacent to the pectinate ligament and likens these to the arachnoid villi. 
This theory contends that aqueous is passed into the veins by the cell tufts, 
and the results of injection experiments on excised eyes are advanced in 
support of this view. The work was done on animals’ eyes, and is open to the 
objection that only traces of a similar system of tufts were found in man. If 
such a system exists in the human eye it appears to have escaped observation 
by other workers. It is also taught that the aqueous passes into the iris 
stroma through the iris crypts and is removed by the capillaries of the iris. 
It is the function of capillaries throughout the body to form lymph and to 
allow of the interchange of dissolved substances by diffusion. It is therefore 
to be expected that dyes in solution in the aqueous will pass into the iris 
capillaries and thence into the ciliary vessels. This is a process of diffusion, 
not necessarily one of drainage. While it is not impossible that the capillaries 
of the iris are specially adapted to drain away the aqueous instead of forming 
lymph, there is no sound experimental support for this theory. 

_Cloquet’s canal is said to be responsible for about 1/50th of the total 
aqueous drainage (Priestly Smith, 1888). This observation was made on the 
excised eye and is not supported by any observation upon the living eye. 
Much of the drainage observed in the excised eye is due to the passage of fluid 
into the vessels, and this process cannot be compared with the conditions in 
the living eye with intact circulation. In face of these difficulties and in 
support of theories as to the formation of the aqueous and maintenance of the 
intraocular pressure it has been denied that there is any drainage of aqueous 
in the normal eye (Duke-Elder, 1927 ; many references are also given). 

It was formerly thought that the aqueous drained into the conjunctival sac 
through the cornea. This theory was opposed by Leber (1873), whose 
experiments upon the permeability of the cornea have been widely accepted. 
These experiments were unsound for the following reasons: They involved 
clamping the excised cornea between glass plates so that the filtration angle 
was excluded from the area under test, which was confined to a small hole 
4 mm. in diameter. He did not employ fluids having the same composition 
as tears and aqueous, which will be shown to be an essential factor. In the 
experiment in which it was demonstrated that a pressure of 200 mm. Hg was 
necessary to force fluid through the cornea the epithelial surface was exposed 
to air; a large part of the resistance recorded is to be attributed, therefore, to 
the surface tension at the cornea-air interface, and is not applicable to the 
normal conditions in which the cornea is bathed with tears. Moreover, since 
Leber relied upon the observation of droplets appearing upon the surface of 
the cornea, the observation did not permit of the detection of the passage of 
small amounts of fluid. 
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It is the object of the first part of this paper to bring forward evidence 
that there is a constant drainage of aqueous through the cornea into the 
conjunctival sac, and that this drainage takes place chiefly vid the filtration 
angle. 

Experiment 1.—The cornea and a ring of sclera are removed from a fresh 
eye and placed in distilled water. The cornea swells and may attain a 
thickness of 1 cm. 

This was observed by Leber (1873), but no reference was made to the fact 
that the sclera does not share in this swelling but remains of normal thickness. 
If sections are prepared it is seen that the scleral fibres are continuous with 
those of the cornea, but that the interfibrillar substance in the cornea has 
swollen to a remarkable degree. 

Experiment 2.—The aqueous of a fresh eye is replaced with distilled water 
and then with 1% silver nitrate solution and the eye placed in a 4% solution of 
cane-sugar in distilled water. The sugar exerts an osmotic attraction and 
assists the passage of the silver salt into the cornea. The eye is bisected while 
immersed in a large bulk of saline and then placed in saline and later in formol 
saline to fix both the silver and the tissue. Sections are prepared in the usual 
way. These may be developed by exposure to light, and the intensity of the 
silver deposit may be increased by immersing in a standard photographic 
developer of about 1/10th its normal strength. It is not desirable to dissolve 
out the unaltered silver with sodium hyposulphite solution. Such sections 
may be stained in the ordinary way without masking the silver. The * 
following points are observed : 

(1) At the angle of the anterior chamber a band of deeply-stained tissue is 
seen, continuous with the substantia propria and extending as far back as the 
root of the iris. 

(2) Schlemm’s canal lies within this band of tissue. 

(3) The substantia propria stains throughout. 

(4) The silver lies between the epithelial and endothelial cells. 

(5) The sclera is unstained, and forms an elongated triangle, having its 
apex at the limbus and its base opposite to the root of the iris. 

These preparations show that the cornea is freely permeable, while the 
sclera is relatively impermeable. The corneo-scleral junction is seen to extend 
in a sloping manner as far back as the root of the iris. It is not placed at the 
junction of Descemet’s membrane and the pectinate ligament as has been 
thought hitherto. The whole extent of the pectinate ligament and filtration 
angle is thus in apposition with permeable tissue continuous with that of the 
cornea. 


The Permeability of the Entire Cornea. 


Experiment 3.—F resh pigs’ eyes were used. 0°1 c.c. of a solution containing 
0°5% methylene-blue in normal saline was injected into the anterior chamber 
by means of a long hollow needle passed through the optic nerve and scleral 
foramen. After injection the optic nerve was tied with a silk ligature and the 
eye placed in a solution of 4% cane-sugar in normal saline. ‘The cornea acts as 
a permeable membrane and the sugar solution provides an osmotic attraction. 
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The fresh cornea is freely permeable to salts in solution, but relatively 
impermeable to cane-sugar, so that this exerts an osmotic attraction for 
several hours. Several eyes were prepared in this way so that the appearances 
after different intervals of time could be compared. 

The following changes were seen: At 1 hour the cornea is uniformly 
stained a deep blue and the sclera is unstained, the corneo-scleral junction 
extending to the root of the iris, as was observed in Experiment 2. Micro- 
scopical preparations may be made by fixing with formaldehyde vapour, cutting 
frozen sections and dehydrating rapidly. The blue is seen especially in the 
deeper layers of the substantia propria, and extends to the corneo-scleral 
junction. é 

At 3 hours a narrow clear zone appears at the limbus. Microscopical 
examination confirms this. The angles are free from the blue, which lies in a 
dense zone superficial to Descemet’s membrane. (Methylene-blue tends to 
diffuse when tissue is fixed, but this does not interfere with the observation 
of the manner in which the blue is removed.) 

At 6 hours the clear zone has widened to about 3 mm. The ends of 
Descemet’s membrane are now free from blue stain as seen microscopically. 

At 12 hours a central darkly-stained area is still present. 

At 18 hours the cornea is usually free from stain. 

Similar results are obtained if the eye is connected to a reservoir delivering 
saline at the normal intraocular pressure after injecting with methylene-blue 
as above. In this case the cornea is exposed to saline instead of sugar solution. 

Experiment 3 shows that the cornea is more permeable at the periphery 
than centrally. 

That fluid is passing through the cornea in this experiment may be 
demonstrated as follows: 

Experiment 4.—A small window is cut in the posterior part of the sclera 
of two fresh pigs’ eyes and the contents carefully expressed. 2 c.c. of a 
4% solution of cane-sugar in normal saline are placed in one eye, and it is 
hung up by a thread attached to the optic nerve so that the cornea is immersed 
in normal saline. These fluid relations are reversed in the second eye. It is 
found that about 0°2c.c. of fluid enters the first eye, and that a similar amount 
leaves the second eye in 6 hours. The apparatus is placed under a bell-jar 
during the experiment to prevent evaporation. 


The Relative Permeability of the Several Layers of the Cornea. 


The process of clearing described above is hastened about one-third if the 
epithelium or endothelium is removed. The latter may be removed by gently 
rubbing the back of the cornea with the smooth blunt end of a metal rod 
introduced through the optic nerve and scleral foramen. If the substantia 
propria is incised from the anterior surface no effect is seen upon the rate or 
character of the clearing. The influence of Descemet’s membrane may be 
observed by the following experiment : 

Experiment 5.—The cornea is stained uniformly as at the end of one hour 
in Experiment 3. The anterior chamber is now washed out with saline and 
Descemet’s membrane is incised from behind. A shallow cutting edge is 





INTRAOCULAR PRESSURE. 221 


ground on the end of a blunt rod, which is then introduced as above. The 
cutting edge is drawn across the back of the cornea, and a shallow incision of 
uniform depth is made. The anterior chamber is again filled with saline, the 
optic nerve tied, and the eye replaced in sugar solution. A clear zone appears 
opposite to the incision at the same time as the peripheral clear zone, and 
spreads similarly. 

These experiments show that the cornea can act as a permeable membrane, 
allowing the passage of water and diffusible substances in solution, and that it 
is much more permeable at the periphery where the filtration angle is placed 
than in the more central parts. They suggest that this is to be attributed to 
the resistance offered by Descemet’s membrane. The substantia propria is 
freely permeable and the epithelium and endothelium offer a considerable 
uniform resistance. It must be emphasized that these experiments were 
performed upon eyes which had been removed from the body, and they are 
advanced only as evidence of the relative permeability of the several zones and 
layers of the cornea. 


The Permeability of the Living Cornea. 


The following experiments demonstrate in the living animal the observations 
which have been made upon the excised eye. The passage through the cornea 
of salts in solution is familiar as the means by which drugs used in ophthal- 
mology are absorbed. Koeppe (1928) showed that the cornea possesses ‘no 
lymphatic system, and this passage of drugs through the cornea must therefore 
be by direct diffusion. Experiment 6 shows that the cornea is permeable in 
both directions. The process therefore cannot be attributed to a selective 
action on the part of the corneal epithelium. 

Experiment 6.—A rabbit was anesthetized with ether. The eye was 
partially dislocated by passing a purse-string suture through the lids and 
tying this loosely behind the globe. The edge of a small glass ring with 
vertical sides, and ground rounded edges of a diameter less than that of the 
cornea, was smeared with vaseline and applied to the cornea. Such a ring 
makes a watertight joint by its own weight. A few drops of 1% ammonium 
chloride solution were run into the cell so formed. After 15 minutes this cell 
may be removed and the cornea and conjunctival sac washed freely with a 
solution of 10% rabbit’s serum in saline, until the washings give no reaction 
for ammonium with Nessler’s reagent. 10% serum was used in these 
experiments to represent tears, since tears have been found to contain 0°65% 
of protein. A clean and tested needle on a syringe was now inserted into 
the anterior chamber and aqueous removed. Ammonia is easily detected in 
the aqueous 20 minutes after the commencement of the experiment. The 
epithelium was tested with fluorescein and found to be intact and apparently 
uninjured. As the Nessler test detects ammonia in a concentration of 1 mg. 
in 100 c.c. and the aqueous is removed as early as possible, the concentration 
of ammonium chloride to which the endothelium has been exposed is extremely 
small and injury to it is improbable. 

Experiment 7.—A rabbit’s eye was partially dislocated as in Experiment 6, 
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and a needle connected to a reservoir delivering 1% ammonium chloride at 
25 mm. Hg. pressure was passed through the sclera into the anterior 
chamber, and the aqueous replaced by the solution. A cell was arranged as 
before, and this was filled with serum saline tested to ensure freedom from 
ammonium. After from 15 to 20 minutes ammonia may be detected in this 
fluid. The epithelium was found to be uninjured and has been exposed to a 
minute concentration of ammonium chloride. 

Similar results are obtained if potassium sulphocyanide 1%, which is not 
toxic, is employed in place of ammonium chloride. The ferric chloride test is 
used to detect the sulphocyanide radicle as this test is more satisfactory than 
that using iron alum, in the presence of protein. 

The cornea of the excised eye has been shown to be most permeable at 
the periphery. The following experiment, which was first described by 
Laqueur in 1872, shows that the living cornea is similarly permeable : 

Experiment 8.—1% potassium ferrocyanide was run into the anterior 
chamber at 25 mm. Hg. pressure. A scratch was made on the epithelium 
from the centre of the cornea to the periphery and a drop of 1% ferric 
chloride solution applied to this. After a few minutes the scratch turned blue 
at the periphery and this blue colour spread slowly to the centre. The 
average times were about 5 and 15 minutes respectively. 

Staining of the cornea by blood-pigment in man clears from the periphery 
to the centre. A similar clearing of the cornea may be observed in the rabbit, 
after staining with fluorescein. 

Experiment 9.—A rabbit was anesthetized with ether. 10 c.mm. of 
a 5% solution of sodium fluoresceinate in water was injected into the anterior 
chamber with a needle and syringe. The needle was introduced through the 
sclera and passed behind the ciliary body and iris so that injury to the cornea 
was avoided. 

Result (observed with the slit-lamp).—(1) The cornea stains uniformly 
within 1 hour. (2) After 12 hours there is a fluorescent flare in the aqueous, 
the superficial layers of the lens are stained and the cornea is uniformly 
stained. (3) After 20 hours the flare has disappeared, the lens is stained more 
deeply and the cornea is uniformly stained. (4) After 30 hours there is a 
narrow clear zone at the periphery of the cornea. (5) After 36 hours there is 
still a central stained area. (6) After 48 hours the cornea is free from stain. 
The Jens is still deeply stained and this staining extends to the posterior 
capsule, as was observed by dilating the pupil with atropin. This staining 
of the lens may be detected for many days. 

The investigation described so far shows that the normal living cornea is 
permeable to salts and diffusible substances, and that this permeability is 
most marked at the periphery at the site of the filtration angle. There 
is reason for believing that the greater permeability of this area is to be 
attributed to the absence of Descemet’s membrane, and it has been shown 
that the freely permeable substantia propria of the cornea extends to the 
root of the iris. Since the cornea is permeable to substances in solution it is 
permeable to water itself. The intraocular pressure exerts a constant 
hydrostatic force, tending to cause a flow of fluid through the permeable cornea 
into the conjunctival sac. It is necessary to examine the composition and 
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properties of the fluids bathing the cornea to see whether the osmotic 
pressures assist such a passage of fluid. 


THE COMPOSITION AND PROPERTIES OF THE AQUEOUS HUMOUR. 


The aqueous has hitherto been regarded either as a secretion or as a 
dialysate of the blood-plasma. In the former case its composition would be 
dependent upon cell activity. In the latter case its composition should 
conform to the laws which are known to apply to fluids separated by a 
membrane. The term “dialysate’’ has come to be associated with the Donnan 
equilibrium, and some confusion exists owing to the loose use of these 
expressions. If there is a constant drainage of the aqueous—or of the lymph 
of the ciliary body—these fluids cannot be said to be in Donnan equilibrium, 
since the laws defined by Donnan apply to fluids which are stagnant. 

If two fluids, a and B, are separated by a membrane which is impermeable 
to one ion of an electrolytically dissociated non-dialysing substance contained 
in A, and an electrolyte having an ion in common with this substance is added 
to A or B, dialysation will take place and an equilibrium will be established 
between the two fluids, according to the Donnan theory. If pressure is 
applied to the surface of a, so that fluid is forced across the membrane (the 
composition of A and the volumes of a and B being maintained constant), this 
equilibrium will be disturbed. It is reasonable to suppose that the degree of 
approximation to a static equilibrium will depend upon the rate of flow through — 
the membrane, upon the volume of dialysate in contact with the membrane, 
and upon the diffusion rates of the substances in solution. Such a “ pressure 
dialysate ’’ will resemble one formed under static fluid conditions in that its 
osmotic pressure and conductivity will be less than that of the parent fluid a. 

The available evidence as to the composition, osmotic pressure and 
conductivity of the aqueous has been collected and amplified by Duke-Elder 
(1927). It appears to be established that the aqueous contains all the 
diffusible constituents of the blood-plasma and that these are present in 
similar concentration. Its osmotic pressure is also similar. The work of 
Dieter (1925) upon the osmotic pressure of the aqueous compared with the 
blood of the same animal taken at the same time would appear to be the most 
reliable because of these conditions, and because he employed the depression 
of freezing-point method. He found the aqueous osmotic pressure less than 
that of the blood by a mean amount of 12 mm. Hg., as determined in three 
dogs. The conductivity of the aqueous has been shown by Duke-Elder and 
others to lie between that of the arterial and venous blood. 

Duke-Elder (1927) has demonstrated, by chemical analysis, that there is 
an unequal partitioning of the anions and kations in the aqueous and blood- 
plasma. The figures obtained in his analysis satisfy the equation [Na], x 
[Cl], = [Na], X [Cl],, which is the theoretical relation determined by 
Donnan (1911). Duke-Elder considers that the close agreement obtained 
proves that a true Donnan equilibrium exists between the blood and aqueous. 
He concludes that there is normally no drainage of the aqueous, since the 
relation is true only for static fluid conditions. The results obtained are not 
absolutely inconsistent with the theory that the aqueous is formed by pressure 
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dialysation, for if the rate of leakage is small and the membrane is thin and 
highly permeable to all crystalloids, the composition of the aqueous humour 
may approximate to that of a static dialysate within the limits of experimental 
error. As the experimental error which is ‘admitted is so small (0°3%), it is 
necessary to examine the evidence upon which the conclusion that the aqueous 
is stagnant is based. This will be considered under two headings. 


Are the Conditions of Experiment Satisfactory ? 


The fluids compared were a pooled sample of horse aqueous and a typical 
sample of horse-serum. The osmotic pressure of blood varies within wide 
limits. The following are examples as determined by the depression of 
freezing-point : 

Equivalent difference 


in osmostic 
pressure. 


Mathews (1921). 0482 . 0605 . 0123 =. 1107 mm. Hg. 
Starling (1920) . 0540 . 06 yi ne a 
Koeppe* . Ss ee oe OORT Pes eS Oe A 


* Quoted from Mathews. Koeppe’s observations were made upon his own blood and the 
difference quoted occurred within 3 hours. 


Minimum Maximum 


é z Difference, 
depression, depression, Ps 
°. c 


These changes of osmotic pressure in the blood are due to changes in 
chemical composition or concentration. It follows that a comparison of a 
pooled sample of aqueous with a single sample of blood, blood-serum or plasma 
is experimentally unsound. 


Is the Direct Application of the Theoretical Relation Determined by 
Donnan (1911) Justified ? 
This equation is as follows : 
[Na], <x [Ci], = [Ne], x [Cl]. ‘ 5 fy 


where the square brackets represent concentration terms and 1 and 2 refer to 
the inner and outer fluid respectively. Donnan and Allmand (1914) state that 
this relation is strictly applicable only to infinitely dilute solutions. Reference 
may be made to this paper and to W. C. McC. Lewis (1919) for an examination 
of the conditions limiting the application of the above equation. 

The following equation is of general application : 


hy MA wea RA ; ; .- (2) 
A\,, = Activity of Na ion in the protein solution. 
A, = sj 2 aaee r i 
Ay, = Rs Na ,, ,, Outer fluid (dialysate). 
Ay = ‘ 2 eee ‘ - vs 
These activities can be measured in physiological solutions (G. S. Adair, 


1928). From this work it appears that a 20% solution of a protein may 
diminish Ag by about 10%. The diminution in Ay, is less, probably below 
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4%. From these figures it may be inferred that the product [Na], x [Cl]; 
(in concentrations) is not exactly equal to [Na], x [Cl], in a state of true 
equilibrium. In the static state it is probable that [Na] x [Cl] for the blood 
is about 4% greater than [Na] x [Cl] for the aqueous.’ Allowance is not 
made for these factors by Duke-Elder. If an approximate correction is made 
the discrepancy, employing equation (2), is considerable. For these reasons 
the author does not accept the conclusion that there is, normally, no drainage 
of the aqueous. 


THE COMPOSITION AND PROPERTIES OF TEARS. 


I am indebted to my colleague, Dr. W. Hurst, Brown, for the analysis of 
tears which follows. The tears examined, which were obtained from a group 
of normal people, were collected in Wright’s capsules and sealed. Three 
samples were collected from each subject during a day, and all the specimens 
were pooled, so that tears of as near “average” composition as possible were 
analysed. 


Amount of tears Number of 
Constituent. Method used. in ¢c.c, used in each analyses 
estimation, made. 


Total solids . : ; Gravimetric ; : ‘ 2 {3% 
Ash ; : ; ; is : : {Oe 


Total nitrogen. . Folin Micro-Keldahl . { és : a i 0°158% 
Non-protein nitrogen . i 5 , ; - 0:051% 


(on filtrate) 

Protein nitrogen . ; Calculation ae ; re . 0107% 

Protein . ; : . Calculation factor . seh ‘ $55 . 0:669% 
6°25 

Albumin : : . Hawk and Bergeim . q : .  0:394% 
Globulin : : .  Bysubtraction . a aS -  W275% 

Urea. . : . Marshall’s urease . . ; - 0:038% 

method 

Sugar . ; ‘ ‘ Maclean " ; . 065% 

0°394% 
Chlorides. ; . Modified Pincussen . z . | “6589. 

; \ as NaCl 

*Sodium as Na,O . ; es ; : ai . 0°60% 

*Potassium as K,O : ee ; ‘ ; pe . 014% 
*A mmonia : : : Po ; a : si - 0:005% 


Average 
result, 


* IT am indebted to my colleague, Mr. G. King, for these analyses. The sodium and potassium 
estimations were done by a method adopted by the Ringer Society which is not yet published. 


It will be seen from this analysis that tears contain the diffusible constituents 
of blood in similar concentration and proportion. The amount of protein, 
067%, is higher than the amount which tears are commonly supposed to 
contain. This protein consists of albumin and globulin, and is immunologically 
different from that of the blood (Fleming and Allison, 1925). The significance 
of this difference is unknown. Tears do not contain a high proportion of 
sodium chloride, as has been believed hitherto. 
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The Osmotic Pressure of Tears. 


Three pooled samples of tears, each of 6 c.c., were examined, using a 
Bechmann thermometer calibrated in 1/100° C. The tears were obtained in the 
same manner as was employed above. The mean of a series of readings was: 


4 = —0°551° C. 
This may be compared with the average depression produced by human blood: 


4 = —0°560° C. (Starling.) 
4 = —0°558° C. (Author’s mean value for plasma.) 


The osmotic pressure of tears is thus a little below that of blood. This fact, 
taken in conjunction with the chemical composition of tears, makes it probable 
that the tears are formed, go far as the diffusible constituents are concerned, 
by a process of pressure dialysation from the blood ; the protein and lysozyme 
of tears, which are the only specific constituents, are not diffusible. The tears 
and the aqueous are thus very similar in composition and osmotic pressure. It 
is reasonable to suppose that they are formed by a similar process of dialyzation 
from the blood, and that the specific protein and lysozyme of tears are added 
to this basic fluid. 


The Corneal Tissue Fluid. 


The corneal tissue fluid has been shown to resemble the aqueous very closely 
in chemical composition (Parsons, 1904a). While this, as has been pointed 
out by Parsons, does not necessarily mean that it is aqueous, nevertheless this 
is suggestive. 


The Physical Properties of Tears. 


The physical properties of tears have a considerable influence upon the 
permeability of the cornea and contribute to the efficiency of the cornea as a 
drainage path. The presence of an excess of protein in the tears as compared 
with the aqueous and corneal tissue fluid gives them a much lower surface tension, 
and so enables them to wet the epithelial surface perfectly while exerting a small 
osmotic attraction over about 100 sq. mm. of surface. Albumin in solution in 
water has been shown by Ramsden (1904), using concentrations similar to that 
of tears, to render the solution capable of producing very stable foam on account 
of its high adsorption at the interfaces, at which interfaces its concentration 
may become so high that it is thrown out of true solution. This may be 
demonstrated by shaking tears in a test-tube, when the foam will be found to 
be stable for a long period. As a concentrated zone of protein is thus applied 
to the epithelial surface it may exert a greater osmotic attraction than is 
indicated by its concentration in the bulk of the tears. This property of 
producing stable foam renders the film of tears over the cornea permanent for 
considerable periods when the eyes are open. Clausen (1924), working with 
collodion membranes, found that their permeability was increased by treatment 
with blood-serum and other fluids and attributed this to lowering of the surface 
tension by some substance in solution. Tallerman (1929) has confirmed this, 
and shown that the change is due to the proteins in solution. There is thus 
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reason for believing that the protein of the tears renders the epithelium more 
freely permeable. 

The evidence shows that the cornea is permeable to all the constituents 
of the fluids bathing it except protein, and that these fluids are of similar 
chemical composition and osmotic pressure, and are probably formed by a similar 
process of dialyzation as regards their diffusible constituents. It has been 
pointed out that the intraocular pressure tends to force fluids through the cornea 
especially at the filtration angle. It is evident that there is no considerable 
osmotic pressure opposing this, and that the physical properties of the tears 
are such as to assist this process materially. It is reasonable to suppose that 
there is, in fact, an osmotic pressure due to the protein of the tears actually 
assisting the passage of the fluid out of the cornea into the conjunctival sac. 


THE RATE OF DRAINAGE THROUGH THE CORNEA. 


The cornea of an excised eye remains alive and quite clear for many hours 
if exposed to moist air. As the following observations were completed within 
3 hours after slaughter the results are probably free from appreciable error on 
account of the altered conditions. 


Fie. 1.—Apparatus for measuring the flow of fluid through the cornea—see text. 


Experiment 10 (Fig. 1).—The cornea of a freshly excised pig’s eye was tested 
for any defect in the epithelium. A needle connected to a reservoir by a long 
narrow rubber tube was passed through the small hole at the end of the glass- 
piece A Between the needle and the reservoir were placed a measuring 
pipette and a glass tap which enables the eye to be disconnected from the 
reservoir without volume change. The reservoir, tube, and needle were now 
filled with an aérated solution containing 0°9% NaCl and 0°3% serum in distilled 
water. The needle was inserted vid the optic nerve and scleral foramen into 
the anterior chamber and tied in with a silk ligature. (The end of the needle 
should be rounded off so that it is not obstructed by lens matter, and need not 
be brought too near the cornea.) The posterior half of the eye was now 
embedded in melted paraffin-wax contained in a and this was allowed to set. 
A was then rigidly clamped to the iron bar B. Cc is a piece of stout glass 
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tubing having a bulb with an aperture of 1 cm. diameter at one end and the 
other end drawn out into a long fine capillary with thick walls. This is 
calibrated in 10 cm. intervals by means of a paper scale marked in pencil, 
waterproofed with melted paraftin-wax, and tied on to the capillary by silk loops. 
A side piece is blown on to the bulb and to this is connected a short piece of 
narrow rubber tubing fitted with a small glass tap. This was now clamped by 
the stout glass portion and attached to the iron bar B. The open end of the 
bulb, which was bevelled and vaselined,. was brought into contact with the 
cornea. A pressure of 20 cm. of saline was now arranged by raising the 
reservoir, and the tap opened. The eye expands a little and forms a good joint 
with the open end of the bulb. The bulb and capillary were now filled through 
the side tube with 10% serum saline solution. During these manipulations the 
apparatus must be kept horizontal to avoid breaking the seal between the cornea 
and the glass edge of the bulb. A small air-bubble was introduced through the 
side tube into the commencement of the capillary and the end of the capillary 
sealed. The whole apparatus was now immersed in a water-bath set at about 
30° C. (since the cornea is not normally at 38°4°C.). The sealed end of the 
capillary was now broken under water, the pressure in the reservoir set at the 
desired level and the first reading taken from the position of the air-bubble on 
the scale. As a control to allow of exact correction for thermometer effect a 
similar capillary and bulb in which the bulb was closed was immersed in the 
water-bath. The capillary was calibrated in the same manner, and it and the 
bulb were filled with similar serum saline and a small air-bubble included. 
Readings were taken on both these scales at each observation and thermometer 
effects thus eliminated. 

By means of this apparatus the rate of flow through the cornea was 
measured under conditions which are well controlled and reproduce those 
normally existing so far as is possible. As the whole apparatus is immersed 
and the capillary kept horizontal there is no. tendency for fluid to leak at the 
cornea-glass joint, and as the serum saline is exposed to water at the capillary 
end there is no capillarity effect. The corrected readings so obtained record 
directly the amount of fluid passing through the cornea. This amount was 
found to be: 


At 25 mm. Hg. pressure — 0°81 c.mm. per minute. 
,» 00 mm. Bs 1°13 c.mm. i 


These figures are the average of steady readings taken over a period of one 
hour in each case. 

Friedenwald (1930) has published records of the rate of formation of 
aqueous in the living dog, and in a human eye the subject of secondary 
glaucoma. His figures are 1°0 and 1°5 c.mm. per minute respectively. The 
author’s results are in accord with these observations, which are the only figures 
available for the rate of formation of aqueous in the eye of a living animal. 

There is thus evidence that the cornea is not only permeable, but that the 
physiological conditions are such as to determine the constant passage of fluid 
through it; that this flow takes place chiefly at the filtration angle, and that 
its rate is determined by the intraocular pressure, the osmotic attraction 
exerted by the tears, and by the permeability of the several parts of the cornea. 
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PART 2.—THE INTRAOCULAR PRESSURE AND THE FORMATION OF THE 
AQUEOUS HUMOUR 


In this section the abbreviation IOP will be employed to signify “ intra- 
ocular pressure.” 

Pascal’s Law “that liquids transmit in all directions and without diminution 
any pressure that is applied to them,” and the fact that for most practical 
purposes liquids may be taken as incompressible, may be regarded as-the basis 
of a consideration of the IOP, which is essentially a problem concerning the 
behaviour of fluids under pressure. Emphasis is laid upon the incompressibility 
of liquids, because a recent publication appears to suggest that the vitreous, 
lens and aqueous “expand”’ and are “compressed” by changes in the volume of 
blood in the uveal tract (Recent Advances in Ophthalmology, 1929). An increase 
of pressure of one metric atmosphere produces a decrease of 0°000047 c.c. in 1 c.c. 
of water at 8°C. For the pressure changes that occur in the eye, we may 
therefore disregard entirely any compression or expansion of the contents of 
the globe. 

Much unsound teaching may be traced: to the belief which is universally 
held that the sclera is “virtually indistensible.” This belief is founded upon 
the work of Koster (1895). It will be shown that this is not the case. The 
distensibility of the sclera is an essential factor in the physiology and pathology 
of the eye. 

The walls of a vessel which contains a liquid under pressure support the - 
whole of this pressure, vide Pascal’s Law. Pressure in a liquid therefore 
exists solely on account of an equal pressure exerted upon it by the walls 
bounding it. This is true whatever may be the nature of the walls. Applying 
this to the eye we see that the IOP at any moment is determined by the 
resistance offered by the sclera and cornea to distension to the volume occupied 
by the contents of the globe. 

Change of IOP can therefore arise only by change of volume of globe 
contents, and will be wholly dependent upon the new resistance offered by the 
sclera and cornea to distension to the new volume. Since the contents of the 
globe are incompressible it follows that their volume is not affected by pressure 
changes. Change of IOP can therefore arise only by addition to or subtraction 
from the fluid contents of the globe. All the extravascular tissues and tissue- 
fluids in the eye are bounded by cellular or homogenous membranes, and are 
at a uniform pressure equal to the IOP. Within the blood-vessels the pressure 
is higher, and this pressure is supported by the tension in the vessel walls plus 
the IOP. This relation must hold good for every part of the intraocular 
circulation. It follows that a rapid change of IOP can only arise from an 
alteration of the volume of blood in the eye, and the change so produced will 
depend upon the resistance offered by the sclera and cornea to expansion to 
the new volume of globe contents. 

Experiments were carried out to determine— 

(a) The curve of distensibility of the sclera and cornea. 

(b) The volume of blood normally present in the eye. 

(c) The amount of expansion of which the vascular bed of the uvea 
is capable. 
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The Curve of Distensibility of the Sclera. 


In these experiments no distinction was made between the cornea and 
sclera since the expansion of the whole globe was measured. The term 
“sclera” is therefore used to signify both sclera and cornea. 

Experiment 11.—The curve of distensibility was determined in the living 
rabbit and in fresh sheep’s and pigs’ eyes, and in human eyes. All eyes were 
examined within two hours of removal or death. The apparatus illustrated 
(Fig. 2) was employed, and by this means the absolute expansion of the intact 
globe for successive increments of pressure was measured. 


70 MANOMETER 
CA” AND RESERVOIR: 


Fic. 2.—a is a narrow glass tube to indicate the level from which manometric readings of 
the pressure transmitted to the interior of the eye from the reservoir, vid B and c, are 
to be taken. F is a narrow glass syphon of which the end @ is made in the form of a 
dropper. The volume of one drop must be determined for the apparatus. In this case 
one drop =34c¢c.mm. ‘The apparatus may be placed ina water-bath—r and a lying outside 
—and the readings taken at body temperature. 


As the eye is immersed in normal saline it is subjected to no distortion on 
account of the globe either hanging and therefore elongating or being indented 
by lying on one face. The temperature is maintained at 38° C., and volume 
changes are therefore comparable with the changes in the living eye except 
inasmuch as the orbital tissues are not present. These tissues do not influence 
the IOP normally, however, and similar curves were obtained, by another 
method, for the rabbit’s eye in sitd. By passing the needle, c, through the 
optic nerve and sclera foramen, a reliable silk ligature can be tied round the 
nerve, and needle and leakage at this point eliminated. By this means the curves 
(Figs. 3 and 4) were obtained. At the end of each experiment the pressure 
was maintained for several minutes to check possible leakage. The expansion 
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for a given increase of pressure is given by calculation from the number of 
drops falling from c. ; 

Fig. 3, B, illustrates the normal distensibility of the sclera of the pig, and it 
will be seen that this falls off as the pressure rises, the curve becoming almost 
straight above 45 mm. Hg. If the eye is exposed to a pressure of 75 mm. Hg. for 
ten minutes, and this is then reduced and a second curve plotted, a “stretched ”’ 
curve (A) is obtained in which the increase of volume per unit rise of tem- 
perature is much less than normal. This is due to the fact that the sclera is 
imperfectly elastic, and after exposure to abnormal pressure does not return to 
its former volume when the pressure is released. 
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Fic. 3.—Mean scleral curves for pig’s eye. Eight eyes, 100 points plotted for each curve. 


Fie. 4.—Scleral curves of human eyes. 
Fie. 5.—Scleral curves of rabbit. Mean curves of six experiments. Number of points 
plotted, 150. 


Fig 4, c, shows the normal curve for the human eye, and 4, a curve obtained 

after exposure to 75 mm. Hg. pressure and comparable with a, in Fig 3. 
Fig 4, B, is a curve obtained from a blind painful glaucomatous eye in which the 
tension immediately before enucleation was 45 mm. Hg. as tested by the 
Schiotz tonometer. It will be seen that this eye gives a typical “ stretched ”’ 
curve. 
Fig 5, pBF, and its prolongation is the curve of a normal rabbit’s eye 
obtained by another method (see Exp. 12), immediately after opening the 
heart with the eye still in the orbit. It is similar to the normal curve for the 
human or pig’s eye. The eyes of sheep and oxen were also tested and gave 
similar curves. 

These experiments show that the distensibility of the sclera varies with the 
pressure, and that the sclera is subject to marked stretching within the limits 
of pressure experienced in glaucoma. After such stretching in the normal 
human eye a curve is obtained similar to that given by a glaucomatous 


eye. 
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The Influence of Scleral Distensibility upon Tonometry. 


It may be mentioned in passing that tonometric measurements depending 
upon deformation of the sclera really measure the true manometric pressure, 
plus a further amount due to what is equivalent to forcing into the eye an 
amount of fluid equal to that displaced by the deformation. This extra 
pressure is allowed for in calibrating the instrument against a known mano- 
metric pressure in the rabbit’s eye. It may be a source of excessive readings 
in glaucoma where the sclera is “ stretched.” 


The Relation of Volume of Contents to Pressure. 


Examination of these curves enables us to predict what rises of pressure 
will be occasioned by a given increase of volume of contents. It has been 
shown that changes of blood volume in the eye, alone, determine a change of 
IOP within a short space of time. It is necessary to know what is the 
amount of blood normally present in the eye, and what is the maximum 
dilatation of which the vascular bed of the uvea is capable. Given this 
information, the rise of IOP that would be occasioned by such an increase of 
volume of contents could be determined by reference to the scleral curves. 


The Volume of Blood in the Eye. 


A. Deduction from scleral curve.—It has been repeatedly observed in man 
and experimental animals that at death the IOP falls to about 10 mm. Hg. 
This fall must be due to an outflow of blood from the eye when the pressure 


of the general circulation falls to zero. The residual IOP is due to the fact 
that the sclera still exerts a pressure equivalent to 10 mm. Hg. upon the globe 
contents when their volume is reduced by this outflow of blood. 

On the normal curve that portion between the normal pressure, 25 mm. 
Hg., and 10 mm. Hg. shows the amount of fluid that must be removed to 
reduce the pressure from 25 mm. Hg. to10 mm. This must be equal to the 
amount of blood that leaves the eye at death and probably is a little below 
the total in the normal eye, since in sections the vessels are seen to contain a 
small amount of blood. 

B. By direct measurement. Experiment 12.—The apparatus consists of a 
reservoir arranged to act as a manometer, and connected by a length of narrow 
rubber tubing to a glass tap and thence to a measuring pipette calibrated in 
1/100ths c.c. This is again connected by a short piece of tubing to a needle. 
The system is now filled with saline, and a small air-bubble is arranged at 
about the centre position in the pipette to indicate movement of fluid. A 
rabbit is now anesthetized and the needle passed through the cornea into the 
anterior chamber. It is essential to avoid an air lock at this point The 
needle must be supported so that the cornea is not distorted. The manometer 
is set at 22°5 mm. Hg. and the glass tap opened. There is a small movement 
of fluid, as a rule, and the bubble then becomes stationary. The animal’s 
heart is now opened. As the IOP is maintained constant fluid enters the eye 
as blood leaves it, and the amount entering is therefore equal to the amount of 
blood that was present in the eye. The average of six experiments was 
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90 c.mm. This may be compared with the value of 70 c.mm. obtained by 
measuring BE in Fig 5. A correction of 90/70 or 1°28 has therefore been 
applied to the values obtained from the scleral curves. This gives the following 
values for the volume of blood normally present in the eye: 


Man : 244 c.mm. at 25°0 mm. Hg. pressure. 
211 22°5 pa 
Pig 256 25°0 a 
217 22°5 + 
Rabbit. : 96 25°0 is 
90 22°5 is 


This apparatus was also employed to obtain the scleral curve, Fig. 5, D.B.F. 
After opening the heart as above the pressure was lowered to 5 mm. Hg. and 
then raised in intervals of 5 mm. Hg. to 75 mm. Hg. At each stage the 
reading of the pipette was taken. This method gives the same information as 
regards the distensibility of the sclera as is obtained by the method previously 
described. The experiment is performed in a few minutes, and the steadiness 
of the bubble shows that no considerable amount of fluid is passing into the 
vessels. This method is applicable to the eye in siti, with or without intact 
circulation. 


The Expansion of which the Vascular Bed of the Uvea is Capable.* 


Experiment 12 (continued).—This may be obtained by determining the 
difference between the amount of fluid that leaves the eye of a living rabbit 
when the IOP is rapidly reduced by lowering the reservoir, with that which 
leaves the other eye when the pressure is similarly reduced after bleeding the 
animal to death, Fig. 5 Fac and FBD respectively. The sharp fall of Fac at.c 
is due to the fact that the anterior chamber is obliterated at about this point 
owing to the large amount of fluid expelled. axB or cp thus represents the 
expansion of the vascular bed of the eye when the support of the IOP is 
rapidly removed. The mean value obtained in six experiments was 150 c.mm., 
or 1°66 of the normal volume of blood in the eye. This factor is probably 
applicable to the pig or human eye since the blood-pressure and IOP are 
similar. 

The vascular bed is thus capable of expanding— 

In man ; ‘ ; ‘ 350 c.mm. 
In the pig . : ‘ ; 360 sé, 
In the rabbit ; ; ; ; Le: 


The Effect of Vascular Dilatation upon the IOP. 


The importance of the figures given above lies in the fact that if such an 
expansion in the volume of globe contents occurred in the normal eye at 
normal IOP, the IOP would rise to a height limited only by the highest 
vascular pressure in the eye. This may be proved by reference to the scleral 
curves, 

Thus sudden complete loss of active tone of the vessels of the normal eye 


16 
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would produce a rise of IOP as great as is ever met clinically, or in experiments 
upon animals when a similar increase of blood volume is produced by raising 
the blood-pressure, blocking the venous exits, damaging the capillaries or 
causing loss of active tone by means of drugs. This assumes that the 
loss of active tone is not accompanied by a fall in the arterial pressure. 
Also the rise of IOP occasioned by vascular dilatation in an eye of which the 
sclera had been stretched and had not recovered, or of which the sclera had 
an abnormally steep curve of distensibility, would be excessive. This may 
have an important bearing on the pathology of glaucoma, and may account for 
the tendency to recurrent attacks so characteristic of the disease. 

Starling and Henderson showed that a relatively small rise of IOP 
accompanies a great increase in arterial pressure artificially produced in an 
experimental animal. The figures are 17 mm. Hg. and 110 mm. Hg. 
respectively. They attributed this to a mechanism controlling the IOP. 
Such a rise of arterial pressure must cause a certain amount of distension of 
the vascular bed, while giving rise to increased active tone, especially in the 
arterioles. The rise of IOP observed is thus what is to be expected, and can 
be explained by the increased volume of blood in the uveal tract causing a rise 
in the IOP, without postulating any special compensating mechanism. This 
explanation finds support in the fact that the change of IOP recorded in the 
experiments is coincident with the changes of arterial pressure, and always in 
the same sense. 


Do Volume Changes in the Vitreous Affect the IOP ? 


The association of a forward movement of the lens and shallow anterior 
chamber with glaucoma has led to the belief that this appearance, and the 
rise of IOP associated with it, is due to swelling of the vitreous. Such a 
swelling of the vitreous is attributed to a change of pH or to a change of salt 
concentration (Duke Elder, 1927). There is no evidence, however, that the 
variations in these factors necessary to cause such a volume change in the 
vitreous do occur. Moreover, since the vitreous can only swell by. imbibition 
of fluid—and the only source of fluid is the aqueous—it is evident that until 
the whole of the aqueous has been absorbed, swelling of the vitreous cannot, 
per se, give rise to any increase in the IOP. Complete obliteration of the 
anterior chamber is, however, never observed. : The appearances are capable 
of a much simpler explanation. The uveal vascular bed occupies only about 
seven-eighths of the sagittal circumference of the globe. Swelling of this bed 
will be accommodated, as has been shown, by expansion of the whole globe, and 
the cornea will share in this expansion. Under these conditions there will be a 
tendency for a space to be left in the anterior chamber, which would have 
been occupied by the vascular bed of the uvea if this had lined the whole 
circumference of the globe. Actually the iris, lens and vitreous must move 
forward to accommodate the new distribution of volumes in the eye. It appears 
to be unnecessary, therefore, to attribute to a hypothetical swelling of the 
vitreous what is a necessary consequence of the engorgement of the vascular 
bed of the uvea which is known to occur. 
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THE DEVELOPMENT AND MAINTAINANCE OF THE IOP. 


The pressure in any vessel in the eye must be equal to or greater than the 
IOP or the vessel would collapse. The oblique course taken by the scleral 
veins, especially the vortex veins, causes the IOP to exert a valve action upon 
them, so maintaining the venous pressure in the eye equal to or above the IOP. 
This valve action has been denied on the grounds that the sclera is not 
distensible and that in microscopical preparations the vortex veins are found 
to be patent. Since it has been shown that the sclera is distensible this 
argument does not hold. Moreover it is impossible to account for the fact 
that the pressure in the exit veins is a little higher than the IOP, as has been 
shown to be the case, on any other hypothesis. The venous pressure will 
thus continue to rise so long as aqueous is being produced. The production of 
aqueous is dependent upon the existence of a capillary pressure which exceeds 
the IOP by a small amount equal to the effective osmotic pressure difference 
between the blood and aqueous humour. 

The capillary pressure has been shown by Starling to be related to the 
venous rather than to the arterial pressure. It will thus rise, as the venous 
pressure rises, until the highest attainable capillary pressure in relation to the 
arterial pressure is reached. At this point formation of aqueous, apart from 
the amount necessary to replace that removed by drainage, will cease. The 
IOP will now remain constant. 


The Mechanism of Change of IOP. 


When this point of equilibrium is reached the tension in the capillary 
walls will be, if converted into pressure, equal to the effective difference in 
osmotic pressure between the blood and aqueous humour. If the tension 
in the arteriole and capillary walls is diminished by loss of active tone they 
will tend to expand. The degree of their expansion will depend upon the 
resistance offered to it. This resistance will be represented by an increase in 
the IOP, which increase will depend upon the ability of the sclera to expand. 
It has been shown that the increased amount of blood which might so enter 
the eye in vasodilatation, or in increased arterial pressure unaccompanied by 
vasoconstriction, is not less than 1°66 of the normal blood volume, and that 
such an increase would give rise to an IOP limited only by the arterial 
pressure. The author considers that the rise of IOP in response to diminished 
drainage of aqueous is brought about by this mechanism ; loss of tone being 
occasioned by the accumulation of katabolic products in the relatively stagnant 
aqueous. So long as aqueous is being drained away, and therefore is being 
formed by the ciliary body, the flow of fluid is antagonistic to any diffusion of 
katabolic products into the ciliary processes and blood-vessels from the 
aqueous. If drainage is reduced or stopped, not only will katabolic products 
accumulate in the aqueous, but their diffusion into the ciliary processes will 
not be antagonized by the outward flow of aqueous humour and their action 
on the ciliary vessels will be facilitated. This theory is supported by the 
well-recognized observation that the vascular bed of active muscle is dilated by 
the action of katabolic products produced by muscular activity. 
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THEORETICAL SUMMARY. 


The Relation of the IOP to the Vascular Pressures and Volumes and to the 
Distensibility of the Sclera. 


The volume occupied by any vessel in the body is determined by the 
equilibrium that must always exist between the lateral component of 
the internal pressure, and the pressure exerted upon the fluid contents by the 
tension in the vessel wall plus the external pressure due to surrounding 
structures or fluids. The tension in the vessel wall is equal to the sum of the 
tensions due to the elasticity of the wall and the active tone of the unstriped 
muscle in the wall. That is— 

where Pb = the lateral component of the pressure existing within a vessel, 

Pt =the total tension of the vessel wall interpreted as pressure 
upon the contents, 
Pe = the total external pressure exerted upon the wall, 
then the pressure equilibrium in any vessel is represented by the equation— 


Pbh=Pi+ Pe. ‘ ; : Nar 


and the diameter of the vessel, and therefore its volume per unit length, is 
such that this equation is satisfied. Change of volume may arise from a 
variation in any or all of the factors entering into this equilibrium. 

In the body the external pressure Pe is usually small, and is only slightly 
affected by changes in the volume of the vessel. In the eye the pressure 
equilibrium is the same, but the factor Pe is equal to the IOP. 

Therefore substituting in (1) IOP = Pe, we get— 


IOP = Pb — Pt. ; ‘ ‘ ~ @) 


that is, the lateral component of the pressure in any vessel in the eye is 
supported by the sum of Pt and the IOP. The latter is therefore equal to the 
difference between Pb and Pt and cannot exceed Pb. 

It is to be noted that these expressions concern the equilibrium existing at 
any moment, and do not take into account changes in the total volume of the 
extravascular contents of the eye. 

Change of vascular volume in the eye involves an equal change of volume 
of globe contents, and this creates a new tension in the sclera. It has been 
shown that the IOP changes under these conditions by an amount which may 
be determined by reference to the scleral distensibility curves. 

Where Ps = the pressure to which the tension in the sclera gives rise for 

the volume of globe contents at the time of observation, then— 
P3= JOP. ‘ ; «. 8), 
therefore, at the same moment of time we may combine (2) and (3); this 
gives— 

Pb=Pt+Ps . : : ‘ 7), 
that is, the lateral component of the pressure in any vessel in the eye is 
supported by the total tension in the vessel wall plus the tension in the sclera, 
converted into pressures. 

Also by considering (3) and (4) the effect of alteration in the value of the 
factors considered upon the IOP may be deduced. 
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The Osmotic Pressures at Equilibrium. 


At equilibrium the IOP is less than the pressure in the capillaries by an 
amount determined by the effective difference between the osmotic pressures 
of the blood and aqueous and the permeability of the capillary walls. 

Where Pe = the pressure in the capillaries (lateral component), 

Oc = the osmotic pressure of the capillary blood, 
Oa = the osmotic pressure of the aqueous, then— 
IOP = Pe — Oc + Oa . ; ‘ | 

This expression assumes that the lymph of the ciliary body, which is 
everywhere separated from the aqueous by the ciliary epithelium, is identical 
with the aqueous, and that the permeability of the capillary walls and of the 
ciliary epithelium is the same, and that these membranes act as true semi- 
permeable membranes. The latter is certainly untrue, and it is doubtful if 
the former assumptions are justified. It is generally believed that the 
difference represented by Oc — Oa is equal to about 25mm. Hg. This figure 
was obtained by Duke-Elder (1927) using a celophane membrane, and is in 
agreement with the figure obtained by Starling for the osmotic pressure of the 
proteins of blood-plasma. The observed osmotic pressure, P obs., may be 
represented as the sum of two partial pressures—P p, due to the protein, and 
Pi, due to the unequal distribution of ions (Adair, 1928). The permeability of 
living membranes, which allow the passage of a small amount of protein itself, 
must be greater than that of the artificial membranes employed. It is therefore 
probable that the effective osmotic pressure difference in vivo is less than that 
indicated by experiments in which artificial membranes are used. Whatever 
the value of this difference may be it will give rise to a flow of fluid into or 
out of the capillaries, tending over a space of time to readjust the volume of 
the extra-vascular fluids in the eye so that equation (5) may be satisfied. 

Substituting Pc for Pb in (2), we get— 


IOP = Pec — Pt. : : oS 


If the IOP rises owing to an increase in the value of Pc, this will persist 
so long as the higher value of Pc — Pt remains. 


The Influence of Dilatation of a Vessel on Account of Loss of Active Tone 
upon the Internal Pressure. 


It is necessary to examine the effect of vasodilatation upon the pressure in 
the arterioles and capillaries, since the permanence of the rise of IOP occasioned 
by it is dependent upon the maintainance of a raised capillary pressure. The 
capillary pressure attained in the eye is dependent upon the amount of the 
available arterial pressure that is absorbed by the passage of the blood through 
the arterioles. Vasodilatation due to the loss of active tone affects both 
capillaries and arterioles. 

It might be expected that vasodilatation would decrease the pressure in a 
vessel, but actually it increases it. This follows from Bernouilli’s theorem. If 
a constant head of pressure is maintained (neglecting loss of energy due 
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to friction and viscosity), the total energy of unit volume of a fluid in 
passing through a tube from a region of higher to one of lower pressure is 
constant. Expansion of the tube at one point lowers the velocity of the fluid 
at that point and so lowers the kinetic energy of the unit volume under 
consideration. This loss is compensated by an increase of potential energy— 
that is, the pressure rises at that point. 

In vasodilatation, therefore, the pressure in the arterioles and capillaries is 
raised. The accompanying rise of IOP gives rise to an equal increase in the 
venous pressure. It follows that in vasodilatation the capillary pressure 
approximates more closely to the arterial pressure, and thus the value of Pe is 
increased and will remain so as long as vasodilatation persists. Equation (5) 
is thus satisfied and the rise of IOP under consideration will persist so long as 
the dilatation continues. 


The Influence of Drainage. 


Drainage of the aqueous will not disturb the pressure equilibrium in the 
eye so long as the rate of drainage does not exceed the rate at which aqueous 
can be produced. This will depend upon the permeability of the 
capillaries. 

If the rate of drainage falls on account of reduced permeability of the cornea, 
from whatever cause, a point will be reached at which the accumulation of 
katabolic products in the aqueous, assisted by the fact that diffusion into the 
ciliary processes is not now antagonized by the outward flow of aqueous, will 
give rise to loss of active tone in the ciliary vessels. The consequent rise of 
IOP will increase the rate of drainage, which is proportional to the total 
pressure (7), and adequate drainage will be temporarily restored. The recovery 
of tone and consequent fall in IOP will restore the original conditions, and the 
cycle will be repeated. Thus where the deficiency of drainage is capable of 
correction by this mechanism, the IOP will follow an undulating curve whose 
amplitude and frequency will depend upon the degree of deficiency of drainage 
existing. 

If adequate drainage cannot be restored by this means the IOP will remain 
at the peak of its curve and a condition of acute glaucoma will supervene. In 
sections of eyes removed during an attack of acute glaucoma the ciliary body is 
found to be cedematous, while its lymph is coagulated and frequently contains 
blood-cells. In such cases the barrier offered by the capillary walls has broken 
down, and it is probable that no active tone exists either in the capilliaries or 
arterioles. The IOP which may be developed is therefore only limited by the 
highest vascular pressure existing in the eye. 

In many cases of acute glaucoma the endothelium lining the cornea and 
filtration angle becomes freely permeable, probably on account of the toxic 
character of the aqueous, and an abnormal passage of aqueous into the cornea 
occurs, the latter becoming cloudy and bulle appearing under the epithelium. 
Temporary recovery may take place, but unless adequate drainage is provided 
the condition will recur. 





INTRAOCULAR PRESSURE. 


The Factors Determining the Rate of Drainage. 


Where D = rate of drainage through the cornea. 
P = the IOP. 
C = equals the coefficient of permeability of the whole cornea 
regarded as a dialyzing membrane. 
Pa = the osmotic pressure due to the aqueous protein. 
Pt = the osmotic pressure due to the tears protein. 
Then, reckoning outflow faa and inflow negative— 
= (P + Pt — Pa) * ae AO 
that is, the rate of drainage is dices proportional to the total pressure. Also— 
Pa=Pt+P—7 ‘ j 3 
that is (where D is given its minimum value if katabolic products are not 
to accumulate), if the protein content of the aqueous rises, as happens in acute 
iritis, the increased value of Pa can only be compensated by a rise in the IOP, 
and this will be limited by the value of the osmotic pressure of the excess 
protein. This agrees with the definite but limited rise of pressure observed in 
such cases. Also— 


D 


" Pa Pt Pe @, 


—that is, giving D a minimum value as before, a decrease in the permeability 
of the cornea can only be compensated by a rise in the IOP if the other - 
factors remain constant. 

Such a diminished permeability of the cornea may arise from— 


1. Small area of cornea and filtration angle as in hypermetropic eyes. 

2. Partial or complete blocking of the angle from whatever cause. 

3. Change in the permeability of the cornea as a whole, or in part. 
Sclerosis of the trabecule has been described (Henderson, 1908). 

4. Congenital abnormality of the filtration angle,as has been described 
in buphthalmos (Collins, 1896). 

A careful study has satisfied the author that the rises of intraocular pressure 
observed clinically and experimentally can be explained on the evidence and 
theories arising therefrom, contained in this inquiry. In conclusion he wishes 
to thank his colleagues at St. Mary’s Hospital for their constant help and advice, 
and especially to thank Dr. W. Hurst Brown for undertaking the analysis of 
the tears. 


SUMMARY. 


1. The cornea is a normal and constant drainage path of the aqueous. 

2. Drainage takes place chiefly vid the filtration angle. 

3. The corneal drainage path is probably the only one by which aqueous 
is normally and constantly removed. 

4. The sclera is not indistensible. Curves of distensibility are — 
and their significance discussed. 

5. The influence of expansion of the vascular bed of the uvea upon the 
intraocular pressure is demonstrated. 
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6. A mechanism is described by which the intraocular pressure may be 
attained, maintained and varied. 

7. The manner in which failure of drainage may give rise to increased 
intraocular pressure is described. 

8. In a theoretical summary the conditions controlling the intraocular 
pressure and aqueous drainage are correlated, and their application to the 
problem of glaucoma is indicated. 
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DvuRING gastric digestion the acidity of the stomach contents rises for a - 
time and then falls. Although the time within which these changes occur 
may vary considerably in different individuals, they are usually observed. As 
a result of experimental work on animals, Boldyrev (1908, 1915) claimed that 
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regurgitation of alkaline fluid from the duodenum brought about this fall in 
acidity—a view which was supported by Bolton and Goodhart (1922) and 
others. 

Hansman, Day and Clifton (1927) calculated that frequently there was 
more neutral chloride in the gastric contents than could be accounted for by 
the neutralization of hydrochloric acid by duodenal fluid, and MacLean and _ 
Griffiths (1928), from a study of the chemical changes occurring in the gastric 
juice during digestion, showed that too much importance had been attached to 
the neutralizing effect of duodenal regurgitation. MacLean and his co-workers 
concluded that the decrease in concentration of hydrochloric acid and the 
coincident increase in neutral chloride which occur towards the end of digestion, 
are due to the secretion of a juice containing a preponderance of neutral 
chloride over hydrochloric acid, the total Cl in the gastric secretion remaining 
relatively constant. They showed that the changes in the composition of the 
gastric contents during digestion are the direct result of these changes in the 
character of the secretion. 

In the present paper a study of the gastric secretory response to meals of 
gruel and cream is presented. Test-meals were done on two successive 
mornings on 12 patients expected to show gastric hyperacidity. The first meal 
consisted of 300 c.c. of oatmeal gruel, and the second of a mixture of equal 
volumes of water and cream, about 200 c.c. being given. Samples were 
removed from the stomach at intervals after the meals and analyzed for total 
acid and total and neutral chloride. It was found that each series of two test- 
meals fell into one of four groups as follows: 

1. Those in which the acidity was continuously higher than the neutral 
chloride concentration in the gruel meal, whilst in the cream meal this was 
only intermittently and less markedly so. (Chart I.) 

In the gruel meal the acidity (“‘'T.A.” curve) is constantly greater than the 
neutral chloride (NaCl curve), and after the first 35 minutes rapidly increases, 
whilst the neutral chloride is in low concentration throughout. In the cream 
meal the acidity is alternately less than and greater than the neutral chloride. 
The total chloride (“'T.C.” curve) reaches a higher value in the cream meal 
than in the gruel meal in the earlier stages of the test, but towards the end of 
the test it is rather lower. 

2. Those in which an early high acidity and low neutral chloride later 
gave place to a low acidity ana high neutral chloride in the gruel meal, whilst 
in the cream meal the neutral chloride was continuously higher than the 
acidity. (Chart IT.) 

In the first 20 minutes of the gruel meal very little gastric secretion 
occurred, but in the next 20 minutes the acidity reached a high value without 
any change in the neutral chloride. In the third period of 20 minutes there 
was a slight fall in acidity and a marked rise in neutral chloride and in total 
chloride. In the second hour the acidity continuously fell to a ‘‘normal”’ 
level, the neutral chloride continuously increased and the total chloride 
remained approximately constant. The neutral chloride at the end of the first 
20 minutes of the cream meal reached a remarkably high level, which was 
maintained throughout the test, and the acidity remained very low. Very 
rapid gastric secretion is shown in both test-meals. With the gruel, after an 
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initial period of 20 minutes during which almost no secretion occurred, there 
was a rapid rise in acidity. Within 20 minutes of giving the cream meal 
neutral chloride had rapidly accumulated. In the later stages of the test 
similarly high concentrations of neutral chloride were found in both meals. 

3. Those in which the acidity was only intermittently higher than the 
neutral chloride in the gruel meal whilst in the cream meal the acidity was 
persistently higher than the neutral chloride. (Chart III.) 

In the gruel meal the total acidity, after rising within the first hour to 
a high value greatly in excess of the neutral chloride concentration, falls 
simultaneously with the rise in neutral chloride until the latter is present in 
the greater concentration. The total acidity then rises again and the neutral 
chloride correspondingly falls. In the cream meal a constant neutral chloride 
concentration is associated with a continuously rising total acidity, and the 
total chlorides, although higher in the earlier stages than in the gruel meal, are 
later slightly lower. 

4. Those in which both test-meals gave approximately the same 
result. (Chart IV.) 


DISCUSSION. 


The curves for the total chloride show that its concentration in the gastric 
contents reaches approximately the same level in both test-meals of a group. 
The ratio of total acidity to neutral chloride is a variable quantity dependent 
apparently on the kind of test-meal as well as on other factors. The constancy 
of the concentration of total chloride secreted by the stomach in any case with 
different kinds of test-meal as contrasted with the wide variations in concentra- 
tion of acid and neutral chloride is explained by, and confirmatory of, MacLean’s 
work referred to above. According to the theory which attempted to explain 
the presence of neutral chloride in gastric content by neutralization of gastric 
acid by duodenal fluid, it would be expected that high neutral chloride 
concentration would not be found in those cases in which there was no 
evidence of a fairly marked secretion of acid during the test-meal. It is quite 
clear, however, in the case of the cream meal (Chart I), that although the 
total acidity was very low throughout, yet, after 15 minutes, the fluid in the 
stomach contained neutral chloride equal to 0°47% sodium chloride—a 
concentration similar to that found in the later stages of the gruel meal, which 
showed an initial high acidity. The absence of any marked acid secretion in 
any of the specimens examined in the cream meal, the early very high neutral 
chloride content and the similar final total chloride concentrations in both 
gruel and cream meals indicate that the neutral chloride has been secreted as 
such and has not resulted from neutralization of gastric acid. Further, the 
total chloride ultimately reaches a similar level in both meals despite differences 
in the form of the chloride secreted. The results found are therefore incapable 
of explanation by the duodenal regurgitation theory of the formation of 
neutral chloride. 

This interpretation of the results graphed in Chart II is readily applied to 
the other examples given. 

The secretory activity of a stomach as judged by the total chloride found 
in a test-meal remains approximately constant under the stimulus of either a 
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gruel or a cream meal. From the variability of the concentration of total 
acidity and neutral chloride as contrasted with the constant concentration of 
total chloride, it is concluded that an estimation of the secretory activity of a 
stomach should be based upon the total chloride figures. 

It follows that although bile may be present in the stomach as a result of 
duodenal regurgitation, its presence does not indicate that marked neutraliza- 
tion of gastric acid has occurred. The relative amounts of bile in duodenal 
and gastric fluid indicate that a small amount of duodenal regurgitation is 
sufficient to render the presence of bile in gastric content easily visible, but 
not greatly to affect the acidity. 


SUMMARY. 


1. A comparison of the gastric secretory response to a meal of gruel and to 
one of cream has been made. A fractional analysis of the gastric contents 
was carried out and total and neutral chloride and total acidity estimated in 
the samples. 

2. The total chloride content of the gastric secretion has been shown to 
remain approximately constant whilst the total acidity and neutral chloride 
show wide variations. 

3. The theory of the formation of neutral chloride by the neutralization of 
gastric acid by duodenal fluid has been found to be incapable of explaining 
these results. 

4. It is concluded that the variations in the composition of the gastric 
contents are due to changes in the amounts of hydrochloric acid and neutral 
chloride being secreted by the gastric mucosa. 

5. In an estimation of the secretory activity of a stomach the total chloride 
is the significant quantity. 
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THE isolation of the diphtheria bacillus in pure culture on ordinary 
nutrient media from nasal, throat or aural swabs frequently presents 
many difficulties. Firstly, many types of commensal organisms, such as 
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staphylococci and streptococci, occurring in the air-passages, grow as colonies 
indistinguishable from those of the diphtheria bacillus, so that microscopic 
examination of stained smears of numerous colonies is necessary in order to 
distinguish them. Secondly, C. diphtherie may be present in comparatively 
small numbers, especially in mild cases and in swabs from convalescent and 
carrier cases, and under such conditions the profuse growth of commensal 
organisms, especially staphylococci, may render impossible the isolation of the 
diphtheria bacillus from cultures in which it forms a very small proportion of 
the total growth. Thirdly, a large percentage of ear swabs and a small 
proportion of nasal and throat swabs give a growth of a spreading organism 
of the B. proteus type which overgrows the plate and thus prevents the 
isolation of C. diphtheri@ on ordinary media. The value of a selective medium 
for the diphtheria bacillus, which would overcome these difficulties, is therefore 
obvious. 

Hitherto the best results have been obtained by the use of a medium 
described by Douglas (1922), which was an advance on that evolved 
successively by Conradi and Troch (1912), and Smith (1914). An improve- 
ment of this medium has recently been described by Allison and Ayling (1929) ; 
this consists of 2% nutrient agar to which is added 10% of trypsinized horse- 
serum, 0°02% of potassium tellurite and 0°05% of copper sulphate. The 
trypsinized serum enhances the growth of the diphtheria bacillus, while the 
potassium tellurite darkens the colonies and gives them a characteristic 
appearance. ‘The growth of staphylococci, streptococci, pneumococci and M. 
catarrhalis is completely prevented by the presence in the medium of the 
small amount (0°05%) of copper sulphate, which also inhibits completely the 
spread of B. proteus. Organisms which grow well on the medium are C. 
diphtheria, C. hofmannii, C. xerosis and other diphtheroid bacilli, all of which 
have characteristic colony appearances and may be recognized macroscopically. 
Other organisms which occur infrequently in nasal, throat, and aural swabs, 
but may occasionally appear in cultures are B. proteus, yeasts and an 
unclassified Gram-positive tetracoccus. Colonies of these organisms on the 
medium are readily recognizable and never show the characteristic colony 
appearances of C. diphtheri@ or the diphtheroid group of bacilli. 

Previous to the introduction of this medium the isolation of C. diphtheria 
in these laboratories was effected by means of the medium described by 
Douglas. The medium of Allison and Ayling has now been in use for over a 
year, and it is of interest therefore to compare the results obtained with it 
over a period of 12 months with the results of the previous 12 months 
when Douglas’s medium was used. The specimens were all received at the 
laboratory as swabs or as cultures on slopes of Loeffler’s medium, and were 
taken from patients convalescent from diphtheria or from carrier cases. The 
results obtained over the two periods of 12 months are shown in Tables I and 
II, the figures being given as percentages for the purpose of comparison. It 
will be seen that there is a marked difference throughout in the percentage of 
organisms (C. diphtheria, C. hofmannii and diphtheroid bacilli) isolated over 
each period. The total percentage of C. diphtherie@ isolated on the medium 
of Allison and Ayling was 49°6% as compared with 34°3% on Douglas’s medium, 
and the total percentage of completely negative swabs was 20°5% using the 
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former medium as compared with 54°1% using the latter medium. These 
differences are more than could be accounted for by the fact that two separate 
series of swabs were under observation. This view is confirmed by the figures 
shown in Table III which gives the results obtained during the interim 


TABLE. I.—Results of the Examination for Diphtheria Bacilli of Swabs during the 
Twelve Months, January 1st to December 31st, 1928, using the Medium 
of Douglas. 


Percentage of Percentage 
: i Percentage of Percentage 
Source of No. of C. diphtheriz isolated. C. ‘hofmanniié of other of negative 


swabs. swabs. — a San : diphtheroid 
Virulent. Avirulent. Total. isolated. bacilli isolated. swabs. 


sees. eee ee. 3 SR ae =. 60 j "37 ; 60°2 
ee SR 5 eR ss 12°1 ; +3°5 : 48°0 
Ear ce ee Te SE: a 10°1 : +5°8 ‘ 54°7 
Other | ae ee eee. gee aes 
discharges { __ ee: es aaa ATG vagal ie 
ae. ee. ST Ie OE 9°4 : |3°5 ‘ 54°1 

C. hofmannii also present in 0°86% . t C. hofmannii also present in 1°4%. 


* 
+ C. hofmannii also present in 1:2%. § C. hofmannii also present in 28°6% . 
|| C. hofmannii also present in 2°2%. 


TABLE II.—Results of the Examination for Diphtheria Bacilli of Swabs during the 


Twelve Months, January Ist to December 31st, 1929, using the Medium 
of Allison and Ayling. 
Percentage of Percentage of 
Source of No. of C. diphtheriz isolated. C. ho aameeetl of other 
swabs. swabs, -— eat -——-7 ft ro diphtheroid 
Virulent. Avirulent Total. cae asta bacilli isolated. 
eee... ee ae 2 oe ae 13°7 ; *9°0 ; 28°4 
meee. 625s BB ARS 8. . 2 27°0 ; +6°6 ‘ 18'1 
Ear a ee? ee eee so ee 12°9 wee 2 10°8 
Other |} P pay : ; : 
dimbargee} 12 - 260.107 . nT. oa. 427 
Total 1178 . 39%6 ‘100 ° , : 19°9 . §12°0 
* C. hofmannii, also present in 0°94% . C. hofmannii, also present in 3°8% . 
t+ C. hofmannii, also present in 21%. § C. hofmannii, also present in 2°0%. 


Percentage Percentage 


of negative 
swabs. 


experimental period between replacing Douglas’s medium by the improved 
medium. During this period 166 swabs were cultured and investigated on 
both the medium of Douglas and that of Allison and Ayling, and it will be 
seen that diphtheria bacilli were isolated from 61 swabs using the latter 
medium and from only 32 swabs using the former medium. C. hofmannii 
and diphtheroid bacilli were isolated on Allison and Ayling’s medium from 43 
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and 21 swabs respectively, as against 24 and 14 swabs giving positive results 
on Douglas’s medium, while the number of completely negative swabs was 
reduced on the former medium from 98 to 45. These results are in a large» 
measure due to the prevention of the growth of staphylococci, and streptococci, 
and other commensal organisms regularly found in the nose and throat. 
C. diphtheria and the diphtheroid organisms were thus allowed to grow 
unrestricted, and could then be much more readily isolated; this effect was 
especially noticeable in swabs in which diphtheria bacilli were very scanty. 
In no case throughout this series was C. diphtheri@ isolated on the Douglas’s 
medium and not on the copper sulphate medium. 

Twenty-one swabs in the series gave a growth of an organism of the B. 
proteus type which liquefied Loeftler’s medium and spread rapidly over the 
surface of Douglas’s medium, and effectually prevented the isolation of 


TaBLE II].—Results of the Examination for Diphtheria Bacilli of 166 Swabs Cultured 
in Duplicate on Douglas’s Medium and Allison and Ayling’s Medium. 


C. hofmannii oe id Negative 


ane . 
swabs. swabs, Virulent. Avirulent. Total. isolated. isolated. swabs. 
A-A D A-A \ : bage O D A-A D A-A D A-A 


Throst: oR Ba ES ee ot ae ee +5 . 32 20 
Nose .. @8 (54) SY 2 Ek SH Ue SO t4 . 52 + 23 
Ber 206? 6 @ ES ae ee eee Bok RC i ae 2 


Diphtheria bavilli isolated. 
Source of No. of — A 


a eeStece yt Sones Cahors ED ARR te te YA ES I Bi TONE tT Rae a toed at see Me Gee oon toreees 


ese 


anes 


ae eeanea 


Total 166 . 23 39 .10 22 .32 61 .294 48 .*14 {21 . 98 45 


D = Douglas’s medium. A-A = Allison and Ayling’s medium. 
* C. hofmannii also present in 2 cases. + C. hofmannii also present in 1 case. 
t C. hofmannii also present in 4 cases. 


C. diphtherie or organisms of the diphtheroid group. On Allison and Ayling’s 
medium the spread of B. protews was inhibited due to the presence of copper 
sulphate, and C. diphtherie was isolated from 8 cultures, C. hofmannii from 
5 cultures and a diphtheroid bacillus from 9 cultures, the two latter organisms 
being present together in 1 culture. 

The value of the medium is also shown by the fact that from 100 swabs 
from convalescent diphtheria cases which were microscépically negative on 
stained smears from cultures on Loeffler’s medium, C. diphtheria was isolated 
on 19 occasions when the Loeffler cultures were subcultured on to the medium 
of Allison and Ayling and not once after subculture on to Douglas’s medium. 
In the positive cultures growth was as a rule scanty, but colonies could readily 
be picked off, as no other organisms were present to obscure the picture. It 
was probably the presence in cultures of large numbers of commensal 
organisms, which prevented the identification and isolation of C. diphtheria 
on other media. 

Rapidity of isolation of C. diphtheri@ becomes of paramount importance 
especially in the wards of a general hospital, when an outbreak of diphtheria 
occurs, or as more often happens, when cases occur in the measles or scarlet 
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fever wards of a fever hospital, and a bacteriological investigation of the 
carrier personnel is rendered necessary. Usually little difficulty in diagnosis 
is experienced when the carrier has a heavy or moderate infection with 
C. diphtheria. Carriers with a mild infection and showing scanty diphtheria 
bacilli in culture may, however, readily be missed, or isolation of the organism 
may be impossible due to the preponderance of other organisms, and it is in 
cases such as these that a selective medium for C. diphtherie shows to 
greatest advantage. 

Reference may here be made to some points which have arisen in the 
preparation of the medium and appear to have given difficulty in some 
laboratories. It has been found that different samples of copper sulphate vary 
as regards the optimum concentration necessary to allow the diphtheria 
bacillus to grow and, at the same time, to inhibit commensal organisms. 
Among four samples tested the most suitable concentration lay between 0°05% 
and 0°01%, and the salt in use at present is Cupri sulphas (A.R.) supplied by 
the British Drug Houses, Ltd., and used in a concentration of 0°05%. It has 
also been observed that the addition of 0°25% of chloroform to serum as a 
preservative invalidates its use in the medium, as the presence of the small 
amount of chloroform inhibits the growth of all organisms. It may again be 
emphasized that the nutrient agar should not be more acid than pH 8'0 
previous to the addition of trypsinized tellurite serum and copper sulphate as 
it is impossible to measure the pH with indicators after the copper sulphate 
has been added. 


SUMMARY. 


1. Tables are given to compare the results obtained in the isolation of 
C. diphtheria, C. hofmannii, and diphtheroid bacilli from nasal, throat and ear 
swabs, using Douglas’s medium, and copper sulphate tellurite serum agar. 

2. The results show a well-marked difference in the percentages of 
organisms isolated on the two media, the differences in all cases being in 
favour of the copper sulphate medium. 

3. The better results obtained with the copper sulphate medium are due 
to its greater selective action for the diphtheria bacillus and organisms of the 
diphtheroid group, and to the powerful inhibitory action of the copper sulphate 
on staphylococci, streptococci, and other commensal organisms found in the 
nose, throat and ears. 

4, The inhibition of the spread of B. proteus, due to the presence of copper 
sulphate in the medium, facilitated the isolation of C. diphtherie, when this 
had proved impossible using other media. 

5. Some points in the preparation of the medium are discussed. 
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As is generally known, it is usually not easy to graft pieces of spontaneous 
tumours into new animals. The tumour cells which have succeeded in 
establishing themselves in the first organism do not often possess the capacity 
for adapting themselves immediately, as the case requires it, to the somewhat 
altered conditions in the new organism whose anti-action consequently quickly 
destroys them. It is in the first few days after grafting that the conditions 


are most unfavourable for the grafted cells; they have been cut off from the | 


circulation, and the tissue fluid which now surrounds them is not quite 
congenital. Tumour cells, when cut off from the circulation, undergo necrosis 
more easily than normal cells and this necrotic material induces an increased 
anti-action by the host, which in most cases leads to the destruction of 
the graft. 

It was thought that, if tumour cells could be both more satisfactorily 
nourished and more efficiently protected during the early period following 
grafting, there would be less necrosis and consequently less anti-action on the 
part of the host; in addition to this, the host’s tissue fluids would only slowly 
reach the tumour cells—after having, so to say, been filtered through the 
protecting medium in the centre of which the tumour cells are situated. 

These considerations led me to try a new method in order to transplant 
successfully, if possible, a melanoma from a tumour-bearing Angora goat into 
a new animal of the same species and strain. As shown in a paper by 
Thomas (1929), melanotic as well as non-melanotic tumours, originating in the 
skin, are fairly frequent amongst Angora goats in South Africa. Most cases 
occur in old females and the primary seat of the tumour is either the ear or 
the perineum. The tumours, especially the melanotic ones, are fairly 
malignant and cause metastases in lymph glands and other organs. Several 
attempts at transmission by contact, inoculation and transplantation failed 
(Onderstepoort Veterinary Government Laboratories). An attempt (by me) 
to graft pieces of this tumour into Angora goats by ordinary subcutaneous 
inoculation also failed; preliminary injections of Indian ink had no effect. 
The following experiment was then carried out: 

A tumour-bearing goat was bled from the jugular vein into a chilled glass 
vessel containing heparin solution in saline. The final concentration of 
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heparin in the blood was 1 in 4000. The blood was centrifuged and the clear 
supernatant plasma pipetted off. A small amount of blood from the same 
animal was also drawn (without the addition of heparin), allowed to clot and 
the serum collected. 

A piece of the melanoma (a metastasis at the basis of the ear, the original 
ear tumour having been resected 6 months previously) was removed under 
aseptic conditions under local anesthesia and the tumour material placed in a 
mixture of 2/3 autogenous serum and 1/3 Tyrode solution. In thjs fluid 
the tumour material was cut, with the aid of two cataract knives, into small 
pieces, each having a side length of about 1 mm. Some of the pieces were 
used for tissue-culture experiments (in plasma or serum), where they proved to 
be in an aseptic condition and grew well. From the remaining pieces, about 
a dozen were sucked up, together with about 2 c.c. serum, into a large syringe ; 
20 c.c. of heparin plasma were then sucked up. Plasma, serum and tumour 
pieces were mixed in the syringe and the whole contents rapidly injected 
(before clotting took place) subcutaneously into several places in the perineal 
region. Very soon the injected plasma with the enclosed pieces of tumour 
clotted. There was subsequently.no trace of an inflammatory reaction. For 
several days the clotted plasma masses could be felt at the places of injection. 
Fourteen days after the grafting operation a small subcutaneous nodule of the 
size of a large pin’s head could be felt in the perineum. ‘Two weeks later the 
nodule had increased to a size of about 5 mm. diameter. After a further 4 
weeks (¢.e. 2 months after the grafting) the tumour measured 14 by 1} by 
1 cm. (measurements ascertained at biopsy). A piece was then removed and 
sections made, these showed a tumour tissue similar to the original one, from 
which the grafts were taken. There was only a slightly greater amount of 
connective tissue in the graft as compared with the original tumour. Between 
the strands of connective tissue there were large nests of tumour cells of an 
epithelial character. A few mitoses could be seen. Pigment was present in 
some cells (brown, rather fine dots). It may be added that in the original 
tumour there had been both pigmented and non-pigmented areas. 


DISCUSSION. 


Whether the tumour will continue to grow and will eventually kill the goat 
cannot be stated at present. It is possible that after some time the tumour 
will either remain stationary or retrogress. Nothing can prevent a tumour 
with a tendency to retrogression from so doing. What the heparin plasma 
method successfully achieved, was the protection of the tumour pieces in the 
early stages after the grafting thus allowing them to “take” and to grow. 
Plasma is a satisfactory nourishing medium for tumour cells growing in vitro ; 
and the procedure carried out here was in effect an in vitro culture under 
in vivo conditions. As far as I am aware the only other case of successful 
grafting of a melanoma into homologous animals is that recently recorded by 
Harding and Passey (1930) in connection with a mouse melanoma. 

It seems reasonable to recommend this method for further trials in similar 
cases. 





LYSOZYME IN TISSUES OF SOME MAMMALS. 


SUMMARY. 


In a case of melanoma in an Angora goat, grafting which had previously 
failed, was successful when heparin goat-plasma was used as a nutritive and 
protective medium surrounding the transplanted tumour particles. 
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It has been pointed out in a previous communication (Goldsworthy and 
Florey, 1930) that the distribution of lytic substances along the alimentary 
canal, both in the mucous secretion and mucosa, makes it difficult to interpret 
the réle of these substances solely as one of protection against bacteria. It 
was suggested that the lysis of bacteria was possibly fortuitous, in the sense 
that their envelopes contained a substance upon which lysozyme normally 
acted in performing some physiological function in the body. Before being 
able to assess the importance of lysozyme in natural immunity it is first 
necessary to have as precise data as possible as to its distribution in the 
body. 

The accompanying tables represent such a survey of various tissues. 

The tissues in the case of animals were taken immediately after death, cut 
into very small pieces and placed in acetone. In two animals the tissues were 
washed free of blood by perfusion with saline but this did not appear to 
influence the titration values. The acetone was changed once. When the 
tissues were thoroughly dehydrated, excess of acetone was poured away and 
the remainder driven off in an incubator at 37°C. The dried tissues were 
powdered in a mortar and 1% extracts of this material prepared by standing 
with normal saline for 24 hours. These extracts were centrifugalized and 


* With a grant from the Medical Research Council. 
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the supernatant fluid used for titration purposes. (This is virtually the same 
technique as originally introduced by Fleming, 1922). The human tissues 
were obtained as soon as possible after death and treated in the same way. 
The stomach mucosa was obtained from a case of partial gastrectomy. 

Man 1. Female aged 21. Died of Graves’s disease which had been treated 
by iodine and hemithyroidectomy. Died from fibrosis of myocardium. P.M. 
8 hours after death. 

Man 2. Female aged 68. Died suddenly. Myocardial degeneration and 
coronary atheroma present. P.M. 74 hours after death. 

Man 8. Male aged 6. Died from fractured pelvis. P.M. about 8 hours 
after death. 

I am indebted to Dr. Newcomb, Prof. McIntosh and Dr. Dorothy Russell 
for these specimens. 

The method of titration was that previously described with the exception 
that the tubes were immersed in a water-bath at 39°C. and readings taken at 
the end of 1 hour only. The same bacterium ‘‘ Number 1” was used, 
standardized to 2,000,000,000 per c.c._ The titration of the extracts of all the 
tissues of one animal was carried out on the same bacterial suspension, freshly 
made at the beginning of the experiment. 

The tables show the results from 3 animals of each species, with the 
exception of the dog. With Dog 2a comparison was made by titrating against 
M. lysodeikticus. Bacterium ‘No. 1” was more sensitive to lysis than the 
sample of M. lysodeikticus available. : 

These titrations apparantly afford little clue as to any possible physiological 
role for lysozyme but some points of interest emerge. 

Cat’s tissues throughout were extremely poor in lysozyme with the 
exception of salivary gland. This finding was foreshadowed in a previous 
communication when it was noted that cat’s tears and intestinal mucus were 
lysozyme free though saliva contained the enzyme. 

It was found that though the tissues of the guinea-pig were quite rich in 
the enzyme, the tears and saliva were almost completely free from it. The 
same applies to the rat. With regard to tears, this supports Findlay’s (1925) 
results. 

Cartilage (rib cartilage) while possessing lysozyme is not specially rich in 
it, a finding contrary to that of Fleming who found in the high content of 








EXPLANATION OF TABLES. 


The dilution figures are of the extract, thus a dilution of 1/2 represents 1 part of dried material 
to 200 parts of saline ete. 
++++ complete lysis. 
++ 4+(4) a just perceptible white cloud. 
+++(+) slightly thicker cloud. 
+++@0 when the tube is shaken a shimmer from swirling bacteria visible. 
+++ = lysis. 
++ 3 lysis. 
+ } lysis. 
(+) is utilized to give degrees lying between these. 
- no lysis. 
this tube not set up owing to lack of material. 
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* thour in incubator and IS hours at room temperature 


lysozyme in cartilage an expression of the importance of its protective action 
in bloodless tissues.* 

In general, the spleen, kidneys and lungs are richly supplied. It would 
perhaps, be comprehensible to find a high concentration of lysozyme in the 
lungs which directly came into contact with air bacteria. The spleen, too, 
would remove such bacteria from the blood stream should they gain entrance, 
but it is difficult to account for the very considerable concentration of the 
substance in the kidneys. 

In all species, the content of extract of skeletal muscle in lysozyme was 
small or undetectable. Skeletal muscle is a tissue difficult to infect and liable 
to bacterial invasion to a small degree. Growing tissue does not seem to be 
specially well endowed with the enzyme, for the testis—where cell division is 
active—has a low content. Brain has a very low content. Lymph gland has 
a moderate amount in all species. 

On the whole the results of the titration of the tissues of one species agree 
together in the three examples given. One exception is that of the colon of 
Rabbit 3, which shows very much less than Rabbits 1 and 2. However, the 
stomach of this animal also showed the same relative diminution so that it 
may be concluded that this animal was exceptionally poorly supplied in its 
alimentary tract. 

It will be seen that some of the titrations would support the idea of the 
enzyme being primarily for antibacterial purposes, e.g. the richness in the 
lungs and spleen. But on the contrary the high concentration in the kidney 
is difficult to explain on that basis and the virtual absence of it in the skeletal 

* Note on titration with cartilage—In one experiment (not included in tables) fresh rabbit 
articular and rib cartilage was ground up with saline and sand and allowed to extract 24 hours. 
Prepared in this way no lysozyme was detected in the extract. 

The laryngeal cartilage was compared with rib cartilage in Dog 2. The titration results were 


almost identical viz. + ++(+),+++(+), +++, +++, + for rib cartilage, and + + +(+), 
+++06, +++6 +++, + for laryngeal cartilage. 
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muscle of several species would also be difficult to explain. And the low 
content of all cat tissues is striking. 

However, no alternative explanation to that of lysozyme being an anti- 
bacterial agent emerges from these analyses. 


SUMMARY. 


1. Titrations for lysozyme of various tissues of six mammalian species 
are given. 

2. Some results support the idea of lysozyme being primarily an anti- 
bacterial agent; other results are difficult to interpret on this basis. 
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THE problem of the estimation of hemoglobin is one of the oldest in clinical 
pathology and to-day, whilst other sections of hematology are studied with an 
increasing exactitude, it remains in spite of numerous efforts at its old position 
of uncertainty, giving to every clinical reading a cloud of doubt as to its 
reliability. 

It is to be noted that the question of standards is distinct from that of 
methods. In recent years much attention has been given to the ascertainment 
of the normal standard and methods of great precision have been evolved. 
Haden’s (1922) use of Van Slyke’s oxygen absorption method, and the spectro- 
photometric work of Williamson (1916), are amongst the foremost examples; but 
neither can be conveniently bent to the purpose of routine clinical work. The 
most recent method of estimation for routine work is by means of the photo- 
electric cell, and Sheard and Sanford (1929) have recently described a: photo- 
electric hemoglobinometer which they claim to be accurate to within 4% as a 
limit of error when compared with a Van Slyke estimation. The instrument 
necessitates the use of a circuit in delicate electrical adjustment, and, whilst 
doubtless exceedingly accurate in the hands of a physicist, would probably be 
of dubious value in the conditions obtaining in a clinical laboratory. 

The major difficulty to-day lies in the lack of reliability of the clinical 
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methods available for comparing a sample with a standard. The chemical 
nature of hemoglobin is such that chemical analysis is not practicable and one 
is left with the colorimetric method in one or other of its variations, with all 
the disadvantages of colorimetric analysis in general together with at least one 
source of difficulty peculiar to hemoglobin. Amongst many methods available 
that of Haldane (1901) is most widely used in this country and has been taken as 
the basis for the present work. In Haldane’s method the estimation is of 
course determined by the observer's sense of colour and the divergence to be 
found in this respect can produce an error of as much as 20%. 

It is not profitable to discuss at length the appreciation of colour by different 
individuals, but the whole question can be crystallized in a single observation. 
Many different methods of estimation are in use and are presumably satisfactory 
to those that use them. This must mean that a worker using the method of 
his choice obtains a value of the order of 100% for normal subjects, yet these 
methods are set to various standards which differ amongst themselves by as 
much as 24%. 

The possibility of error in the Haldane technique is not limited by the 
variations of colour perception. When a weak solution of hemoglobin is 
treated with coal-gas it will be found that a turbidity is produced, the density 
of which is not determined by the proportion of hemoglobin present or by the 
number of erythrocytes, and an apparent change of colour is produced by 
suspended particles which are themselves colourless. An error up to 20% can 
be produced by the suspension. The particles can be demonstrated by 
centrifugalization, when a large white deposit will be thrown down: its bulk 
is vastly greater than could be explained on the assumption that it represents 
the débris of the cell envelopes. That it is not formed from the erythrocytes 
is further shown by passing the solution through a filter-candle and gassing it 
afterwards. The deposit is nearly as large as before and appears to be due to 
the precipitation of the euglobulin by carbon-dioxide which is present as an 
impurity in commercial gas. 

The technique of the Haldane method renders it difficult to centrifugalize 
a sample, and any estimation must therefore be determined by the combined 
influence of colour and opacity upon the observer. The colorimeter cannot be 
used because the standard is not available for placing in one of the cups. 
Attempts were made to find an artificial standard but with indifferent success. 
The theoretical requirements for such a standard are that the substance shall 
be deep red and stable in solution and freely soluble; and whilst a deeply 
coloured solution can be produced, yet the intensity of the colour shall be 
relatively small compared with the mass of the substance to be weighed. This 
last quality is highly desirable if one is to be certain that different observers 
are using standards of identical light absorptive properties. For this reason 
the intense colouration of the aniline dyes renders them all unsuitable and one 
was forced to turn to the inorganic salts as the most likely to fulfil all three 
requirements. The best result in a colorimeter was obtained with a mixture 
of cobalt chloride and uranium nitrate. It was a passable match under certain 
conditions of lighting and had the advantage of being easily prepared. 

But the theoretical objections to colorimetry, including the personal factor, 
remained, and the problem was examined as one of photometry. 
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Amongst a number of types reviewed the Simmance and Abady (1903) 
flicker-photometer appeared to be ideal for the proposed investigation. Colour 
has no part in the estimation and the observer’s personal factor for colour is thus 
elimiminated, and since any two colours can be matched in brightness the 
difficulty concerning a suitable standard disappears ; the observer being in effect 
only required to be able to distinguish light from darkness. A later type of 
flicker-photometer has been described by Guild (1924) who in estimating the 
transmission value of filters of strongly contrasting colours found that that 
error was less than 1%. 

From a consideration of the foregoing the present writer designed the 
following instrument : 


THE INSTRUMENT. 


The instrument consists of two fixed lights and a Simmance-Abady 
photometer head in a fixed position between them. The brightness is varied 


Diagrammatic sketch of flicker hemoglobinometer.—a, plunger; ¢, cup; G, green glass; R, 
ratchet for cup; M, mirror; F, platform; s, metre scale; w, windows; H, photometer 
head showing wheel in dotted outline; 1, viewing telescope; b, ledge; P, large vertical 
plate; tl and 12, lamps; wu, window for shadow plate. 


by the depth of a glass plunger in a cup containing a coloured solution through 
which the light from one of the lamps passes. A glass cell is placed between 
the head and the other light and contains the sample to be examined. 

The head is fixed at the right hand end of a raised platform about one 
metre long. Immediately to the left of it a metal plate about 15 cm. square 
stands vertically on the platform and with its plane at right angles to the 
Optical axis. A window 1°7 cm. in diameter is bored in the centre of the plate 
to allow light to fall upon the rotating wheel. A small ledge is bolted beneath 
the window to hold a U-shaped cell, internally 3cm. by 2 cm., and 10 mm. 
thick. In this the hemoglobin solution is placed. 

A 250 watt gas-filled lamp on astand is clamped upon a wooden base which 
is free to slide along the platform. Along the front edge of the latter a wooden 
metre scale, graduated in mm. on both edges, is fixed. The lamp base is 
always kept in close contact with the scale. The lamp is covered by a box 
having a window 3 cm. in diameter in the end facing the photometer head 
and the window is covered by a piece of green glass. A second window is cut 
in the side of the box near the base so that light may fall upon the scale. A 
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small metal plate is fixed to the lamp base opposite the window: its plane is 
parallel with the optical axis and the edge nearest the photometer head is exactly 
vertical. When the lamp is burning a shadow of this edge is thrown upon the 
scale. Its purpose will be seen later. 

On the right of the head is a large inclined mirror, beneath which is a cup 
and plunger such as is seen in colorimeters except that the size is greatly 
increased. The plunger is 70 mm. long and 40 mm. in diameter: the cup 
is 50 mm. in diameter and 65 mm. high. These great dimensions ensure that 
the amount of ‘‘cut off’’ of the light when passing through shall be at a 
minimum. A ring carries the cup and is operated by a rack and pinion in the 
usual way. Beneath the cupa100 watt gas-filled lamp is placed and is adjust- 
able for position. The lamp is surrounded on three sides by a metal shield on 
the top of which is a piece of green glass which in addition to passing the 
desired green light also serves to prevent the heat of the lamp reaching the cup. 
The brass upright that carries the rack is graduated in mm. The cup is of 
common glass as its optical value is not required to be more than an unknown 
constant. This portion of the apparatus was made to specification by Messrs. 
Griffin & Tatlock, Ltd. 


CALIBRATION. 


The parts of the apparatus are arranged in good optical alignment with 
each other and the positions thus found marked on the baseboard. Great 
precision is not necessary since neither of the lamps are required to move 
during an estimation. The left lamp is moved until the shadow thrown by the 
small plate at the side falls exactly at right angles across the metre scale. If 
the filament is in front or behind the vertical edge in relation to the photometer 
the shadow will fall obliquely: only when they are the same distance will the 
shadow fall at right angles. In this way the plate serves to determine the 
position of the lamp and later acts asa pointer to the distance of the lamp from 
the photometer. It can be adjusted to 1‘0 mm. with ease. After this position 
has been found the lamp is fixed to its base by means of the clamp. 

The cup is filled with a 4% solution of cobalt chloride and the U cell with 
a 20°4 % solution of cobalt chloride. It was found by experiment on a photo- 
metric bench that this strength was approximately equal in light absorption 
to double the Haldane standard. Double the usual strength is used in order 
to obtain a greater range of light absorption between zero and 100 % Haldane. 
The cell is placed on its ledge and the plunger set at 40 mm. depth. The 
left lamp is now moved along the platform until the balance is obtained ; its 
position noted and its position is not moved again. Except for deterioration 
through unequal ageing of the lamps the position will remain constant for weeks 
at a time. 

The next step is to prepare a solution of hemoglobin 1 in 50 in distilled 
water. About 100 c.c. should be prepared from a sample of blood from an 
individual who will give a reading above 100%. The solution is gassed, 
centrifugalized, and its strength estimated roughly in relation to its standard, 
the light being varied by movement of the plunger. It should be stronger 
than the standard and by trial and error can be diluted until its light absorption 
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is the same as that of the standard, that is, the two are interchangeable at a 
depth of 40 mm. The 100% sample is next diluted successively to 80, 60, 40 
and 20 % and the readings of the plunger taken for each of them. From these 
a graph is constructed and if necessary the curve up to 120% deduced graphically. 
The graph was chosen in preference to a calculation for each estimation 
as the latter appeared to involve some abstruse mathematics with allowance for 
such factors as refraction through a thick slab, and it was found that the graph 
remained accurate for long periods and was only affected by evaporation of the 
solution in the cup. This was overcome by placing a thin layer of paraffin oil 
on the surface of the solution. 


DISCUSSION. 


It is to be noted that the only variable factor in the apparatus is 4% solution 
in the cup. The luminosity of the lamps are balanced with the standard 
in position before each reading and as the apparatus is used only for a few 
minutes daily any change due to ageing will be remote contingency. Similarly 
the green glass is an unknown constant and its use may now be explained. It 
was found that the red light of the higher concentrations was most tiring to 
the eye and after a few minutes it was difficult to be certain as to the presence 
of flicker. The interposing of green glass converted the bright red to a pale 
yellow in the higher range of concentration, to white in the middle zone, and 
to a very pale green in the lower range. All these tints are restful to the eye 
and enable one to detect slight flicker with ease. The glass has no optical 
quality and it is not necessary that anything should be known concerning its 
transmission value. 

To ensure that accuracy is maintained the following simple test has been 
performed about once weekly. After a sample of blood has been estimated in 
the usual way the sample is diluted carefully to half strength and again 
estimated. The measure of the accuracy of the instrument and graph is the 
nearness to which the half strength reading approaches the theoretical half 
strength value assuming that the original estimation of the full strength was 
accurate. ‘The following six results were collected over a period of 2 months: 

Full strength . ‘ 166.) Rw BE SS OE ae 
Half i ; ; 6. &@..: Be . 2 ee 

It is therefore a reasonable inference that the method is accurate to within 
1% as a rule or to within 2% as a limit. 

The standard cobalt solution is sealed in a glass cell and cannot vary and if 
the graph is found to be deranged by this test the cause is almost certain to be 
either evaporation of the balancing fluid or gross misalignment of the lamp 
below it. 

When the cell containing a sample is about to be examined it should be 
inspected for a faint irridescent sheen of moisture on its surface as this delicate 
film can raise the apparent percentage by 2 or 3%. 

The apparatus would be improved if an electric motor were fitted to drive 
the photometer wheel and the latter might with advantage be made of sand- 
blasted aluminium which could be whitened when desired in the smoke of 
burning magnesium as suggested by Guild. 


18 
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The high luminosity of the lamps used is only apparent. The green glass 
absorbs the greater part of the light emitted and the fraction transmitted is in 
turn mainly absorbed by the hemoglobin. From some rough tests made it 
seems probable that the luminosity reaching the wheel is not more than about 
2% of the lamps’ emission which brings the effective luminosity at the 
photometer head to a value within the rule of 25 to 50 metre-candles laid down 
by Ives and Kingbury (1914, 1916). 

One does not suggest that the present design approaches finality. Its 
novelty lies in the application of flicker photometry to one of the oldest 
problems in hematology and it is submitted that the instrument offers a means 
of ascertaining the strength of a solution of hemoglobin which is accurate, 
rapid, suitable for routine clinical work, is not easily deranged, and is totally 
independent of a sense of colour values. 


METHOD OF ROUTINE USE. 


With a capillary pipette 0°1 c.c. of blood is added to 4°9 c.c. of distilled 
water in a small bottle or flask. The solution is gassed, centrifugalized, and 
estimated in the apparatus after first checking the balancing point of the 
standard at 40 mm. The reading obtained is read on the graph in terms of 
percentage in Haldane’s scale or any other scale which the observer chooses to 
use. If preferred an actual blood standard of 2% CO-hemoglobin prepared by 
the makers of the Haldane apparatus can be used instead of the artificial 
standard of cobalt chloride. 
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The pioneer work of Yamigawa and Itchikawa (1915) on the production of 
the malignant state in the skin of the rabbit’s ear by means of coal-tar was 
followed shortly afterwards by that of Tsutsui (1918), who showed that a 
similar method would produce cancer of the skin in mice. This technique 
was used in the present investigations, which were undertaken primarily in 
order to explore the possibility that the initiation and development of 
cancerous growths might be controlled to some extent by diet. This aspect 
of the subject has, of course, received much attention, especially in the earlier 
days of experimental work on cancer, when the method employed consisted of 
determining the effect of certain dietetic units on the growth of transplanted 
tumours. More recently, Caspari (1929) and his co-workers have examined 
some of these effects in detail, and their papers include an extensive survey of 
the views of other workers in this particular field. It seemed to us, as it has 
to many others, that the determination of the effects of any experimentally 
imposed condition was more likely to lead to results when tested on the initia- 
tion and development of what might be regarded as natural neoplasms 
produced by tar than on the growth of transplanted tumours. It was not 
anticipated that any large and clear-cut effects would be obtained in the early 
stages of the work, since these would undoubtedly have been recognized by 
earlier investigators. It was considered more likely that, working under the 
conditions chosen, small but unequivocal differences might be observed in the 
development of the tumours, and it was hoped that, once obtained, it might be 
possible to simplify. the conditions, and thus track down the factor or factors 
affecting the cancerous reaction. Now it is well known that the production 
of tar cancer in mice involves a technique which may be so crude as to 
conceal small but real differences. Many animals die as the result of a 
toxemia set up by the tar, while the very nature of feeding experiments 
introduces conditions which must of necessity depress on occasions the health 
of experimental animals. This latter fact in investigations of this sort is of 
special importance. Any conditions leading to ill-health and starvation will 
also tend to depress the growth of cancerous tumours—a fact which most of 
the earlier workers have recognized. In view of these facts it seemed 
essential that the technique employed should be such that small differences 
produced by altered conditions could be easily observed, and that as a rule 
results should not be regarded as satisfactory and specific unless obtained 
under conditions when the general health of the animals in the different 
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groups was comparable. In the present paper, therefore, such a technique, 
which it was hoped would expose any small differences which might exist in 
the relative effects of different experimental conditions on the initiation and 
growth of tar tumours, has been described. Since there is no such thing as a 
standard tar or other carcinogenic agent for experiments of this nature, it is 
clear that such experiments must be controlled by including a group of animals 
receiving a standard treatment as closely comparable as possible in each 
series. By this means not only can the immediate effect of any imposed 
change of conditions be interpreted in terms of the control group, but com- 
parison of the control groups in each series will give some indication of the 
variations in susceptibility of the different series in their reaction to the 
carcinogenic agent. 

It may be of value, first, to consider the various ways in which the 
activities of the tar may be asserted under ordinary conditions. Suppose we 
take the simple case where, say, one hundred mice are treated twice weekly 
for a period of four months in the interscapular region with an active sample 
of coal-tar, and then left for twelve months without further treatment. The 
observations of numerous investigators have shown that the effects of the tar 
are manifested in at least five well-defined ways: 

(1) A certain number of mice will die as the result of the toxemia 
set up by the tar. 

(2) After some weeks, the period depending on the technique of 
treatment and the potency of the tar, small tumours* will appear at the 
site of tarring in a certain number of animals. The numbers of 
tumour-bearing animals will gradually increase for some months, irre- 
spective of the fact that the tar treatment may have been discontinued. 

(3) There will be a general tendency on the part of the majority of 
the tumours to exhibit slow but steady growth and to infiltrate the 
surrounding normal tissues. 

(4) The malignant tumours as soon as they have become established 
will show a tendency to metastasize in the lungs or the lymph-nodes, 
or much less frequently in other organs. These metastatic deposits 
will exhibit steady growth, and provided a sufficient time has elapsed 
since the first deposition of the malignant cells, will in the case of the 
lung, assume the characteristic nodule appearance which is recognizable 
at autopsy. 

(5) During the course of the experiment, both the animals with 
skin-tumours and those without will show a high incidence of 
epithelial tumours of the lung, which will assume the form of pearly 
white nodules, indistinguishable to the naked eye from the true 
metastatic deposits of the primary skin-tumour. Their characteristic 
appearance under the microscope, however, will in most cases afford 
a ready means of distinguishing the two types of nodules (Murphy and 
Sturm, 1925). 


* The terms “ papilloma” and “ malignant tumour ’ have been reserved in the present paper for 
a microscopically established benign or malignant tumour respectively. ‘lhe term ‘‘ tumour ” has 
been employed in the general sense to mean either a papilloma or a malignant tumour which 
has not yet been definitely diagnosed. 
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The toxemia set up by the tar does not at first sight appear to have 
any direct association with carcinogenic activities displayed later in the 
experimental period. Since, however, the relative importance of systemic 
factors as compared with purely local ones in the genesis of cancer is not yet 
satisfactorily established, this toxemia, induced by the tar and presumably 
having an important effect on the general health and condition of the animals, 
could not be neglected in comparative experiments such as it was proposed 
to carry out. Any experimental condition which may be found to influence 
one of these five effects may not, of course, necessarily exert a similar influence 
on the others. The search for an experimental treatment, for instance, which 
will accelerate or retard the appearance of primary tar tumours, may be 
fundamentally a different problem from a search for those conditions which 
will similarly affect the development of these tumours once they are 
initiated. A satisfactory method for investigating the influence of any experi- 
mental treatment on the various effects of the tar must not neglect the 
possibility that the conditions controlling the five ways in which these effects 
manifest themselves may be different in each case. At the same time there is 
a possibility that such differences might be quantitative rather than qualitative, 
and that whereas, for instance, a powerful stimulus might be necessary to 
suppress the production or progress of a primary skin tumour, a less powerful 
one of the same type might suppress the activities of such a tumour by 
limiting the spread of its metastases or the incidence of the indirectly asso- 
ciated epithelial lung tumours. If such a stimulus could be found, there 
would appear to be a chance that by increasing its force or applying it in a 
more effective way, the other carcinogenic activities of the tar might be 
brought under experimental control. 


METHODS. 


The general scheme employed involves a series of similarly controlled 
experiments, an experiment consisting of usually not more than five groups, 
each of about 100 mice (although occasionally less are used). One group of 
animals in each experiment is maintained on the control diet, and invariably 
treated in the same way regardless of which experiment it forms a part. The 
other groups of the experiments are subjected to varying types of treatment, 
and this may involve varying the dietary conditions, the inoculation of different 
fluids and so forth, care being taken to vary only one factor at a time. 


The animals used for the experiments are selected preferably from young laboratory-bred 
mice and are kept in boxes, ten boxes per group. To decrease the variation due to the ages 
of the animals, etec., the groups are built up in such a way that the average age of the mice 
in one group is the same as that in another. No mice less than three months old are 
included. At this stage of the experiment each box contains fourteen mice, which are 
ullowed to live together under these conditions for about a fortnight. At the end of this 
time the hair from a small area between the shoulders of each animal is removed by means 
of warm 8% sodium sulphide. Three days after the epilations the animals are examined 
to ensure that at least twelve mice survive in each box. The applications of tar are now 
commenced, and each mouse treated by means of a camel-bair brush with tar in a small 
(approximately § in. diameter) circular area in the centre of the epilated site. Each animal 
is removed from the box for this purpose. It is of importance to make the treatment with 
tar as uniform as possible throughout the groups. To avoid any question of the fatigue of 
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the operator interfering with the ultimate uniformity of treatment of all groups, the latter 
are arranged vertically and special precautions taken with regard to order of selection for 
tar treatment. The boxes are selected horizontally from the first box of the first group for 
the first tarring of the week, and horizontally in the reverse direction (z. e. starting from the 
last box of the last group) for the second tarring and soon. Treatment with tar in this way 
is carried out at bi-weekly intervals for, usually, not longer than fonr months. There is 
evidence to suggest that three or even two months’ treatment under these conditions is more 
likely to expose differences in the reaction of the experimental animals than a longer 
treatment. For similar reasons a tar of low carcinogenic potency seems preferable, since a 
highly potent agent will be more likely to mask any possible resistance created by the 
imposed experimental conditions. 

A certain number of mice in each box will probably have died as the result of the 
epilations or first tarring, and the day after the first treatment with tar any mice in each 
box in excess of ten are withdrawn and the experiment now consists of, say, five groups, each 
oo consisting of ten boxes of ten mice each, alive 24 hours after the first application 
of tar. 

The control group receives no other treatment, and is maintained under exactly the same 
conditions of diet, etc., as the corresponding control group in eaeh of the preceding (and 
following) experiments of the series. Each of the other groups receives a special type of 
treatment either throughout the whole experimental period or else for a more restricted 
time. If this treatment involves a variation of diet, the animals are maintained on the 
special diet for two or three weeks prior to the first application of tar. A control diet 
consisting of powdered bread (4 parts), Sussex ground oats (1 part) and cabbage (1 part), 
mixed in an electric mixer and made into a uniformly moist paste with water, fed daily 
and supplemented once per week with cod-liver oil (0°25 ¢.c. per mouse) and marmite 
(0°25 gm. per mouse), has been used throughout the present series of experiments for the 
control group. 

Each animal is given a number, and the first appearance of a tumour is recorded by an 
experienced observer. Separate columns are kept in the note-book for recording the deaths 
of tumour-bearing and tumour-free animals. Each animal as it develops a tumour is 
segregated into one compartment of a three-compartment box of the same type and size as 
those of the main groups. All the animals are examined once per fortnight, the shape and 
size of the tumours being recorded in a chart-book. Any mice which have developed 
tumours since the previous inspection are segregated in the special three-compartment 
boxes. 

Except in unusual circumstances no animals are killed during the experiment, and no 
efforts are made to establish malignancy by methods such as removal of fragments of 
tumour tissue for microscopical examination before death or by autoplastic inoculation of 
the primary tumour, etc. In this way the experimental conditions, the effects of which are 
under survey, are in no way modified or altered throughout the whole period. All the 
animals that die at any time after the cessation of tarring are subjected to post-mortem 
examinations. The organs and an extensive area of skin from the interscapular region, 
together, if present, with a portion of tumour-tissue, are removed and transferred to formol 
saline for future examination. At the end of a definite 30-day period (240-480 days) after 
the commencement of the experiment. all the animals alive in the different groups are 
killed and a detailed post-mortem examination carried out. 


ARRANGEMENT OF RESULTS. 


It now becomes necessary to arrange the data accumulated throughout the 
experimental period in order to find whether the imposed conditions have 
exerted any influence on the general course of the activities of the tar, as 
illustrated by the behaviour of the control group common to each experiment. 
As previously stated, the effects of the tar are exerted in at least five well- 
defined ways, and it will be necessary to explore each of these in order to give 
an answer to the main question. The methods which have been employed 
for utilizing the data may perhaps be illustrated by a special case. Five 
groups each of ninety-five mice were subjected to applications of tar twice 
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weekly over a period of four months (120 days) and then left for a further 
period of 360 days, during which time they were kept under careful observation. 
One group, F, was maintained on the control diet described above. In the 
other groups, A, B, C and D, the experimental conditions consisted of modifica- 
tions of the diet, in each group, an aliquot part of the basal diet being 
substituted by a different foodstuff of animal origin. No other factors were 
varied during the 480 days of the experiment. 

By referring the dates of the appearance of the tumours and the deaths ‘of 
the animals to a zero date (day of first tarring) and the simple re-arrangement 
of the data obtained, the following table can be constructed : 


TaBLE I.—Data Collected during Course of Experiment lasting 480 Days. 


Initial number of mice in each group = 95. 


Column. 


Period of 1 


; ° 2. 3. 
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Treatment with tar was discontinued after the 120th day, 


It will be seen that the greatest incidence of tumours and the greatest 
number of deaths in the tumour-free and the tumour-bearing mice occur 
within fairly well-defined zones. The data from such a table can be utilized in 
various ways, and with other information obtained during the course of the 
experiment form a useful basis for assessing the influence of the particular 
experimental condition on the various effects of tar on the animals. 
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(1) The Relative Resistance of the Mice in each Group to the Toxic Effects of 
_ the Tar, and the Span of Life of (a) all Animals, (b) Tumour-free 
Animals, and (c) Tumour-bearing Animals. 


The data from Table I can be used to construct Chart 1 where the 
percentages of (a) all animals, (b) tumour-free animals and (c) tumour-bearing 
animals dying during consecutive 60-day periods of the 480 days of the 
experiment are shown. 


CHART 1. 
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The curves in the chart exhibit two series of maxima, one in the early 
part of the experiment (during the first 60-day period) as a result of the 
toxemia set up by the tar, and the second during the period 240-360 days 
after the first treatment with tar, when the animals with skin-tumours die in 
greatest numbers. No clear-cut differences in the reaction of the mice on the 
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different diets to the tar appear to exist, although the tumour-bearing animals 
of Group D show a tendency to live longer than those of the other groups. 
‘These facts are clearly indicated in the three series of curves in the chart. 

The average spans of life of the mice in the five groups after the first 
application of tar are shown in Table IT: 


TaBLE II.—The Average Span of Life in Days of the Mice in each of the 
Five Experimental Groups after the First Treatment with Tar. 


Group. 


De SBS ay 
Total number of all mice dead by the 480th usd ; ‘ 2 94 90 92 
Average span of life (days) ; : . 236 2384 221 251 


Number of tumour-bearing mice dead by the 480th _ 54. 39S «56 
Average span of life (days) A 3 298 281 312 


Number of tumour-free mice dead by the 480th h day : 40 51 36 
Average span of life (days) - i . 155 147 174 157 


Number of mice alive at the 120th day (i.e. at the end of 
the tar treatment), and which died before the 480th 
day without developing skin-tumours 

Average span of life (days) 


The main feature of interest is that the tumour-bearing animals have had 
practically twice the life-span of the other mice, and in four cases out of five 
actually lived longer (despite the skin-tumours), than the mice which were 
alive at the end of tar treatment (120th day) and subsequently never developed 
skin-tumours. 


(2) The Relative Resistance of the Mice in each Group to the Induction of 
Skin-Tumours during the 480 Days of the Experiment. 


Since it is obvious that the death-rates of the mice will vary appreciably 
according to the severity of the experimental treatment (in the present case, 
of course, according to the dietetic treatment), tables such as Table I, column 3, 
illustrating the mere incidence of tumours will be of little use for comparative 
purposes. 'T'wo methods have been used to avoid this difficulty. 


(a) The Percentages of the Animals Surviving at any Period with Tumours. 


Most authors have surmounted the difficulty by constructing graphs 
showing the relative percentages of the total number of animals alive at any 
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period of the experiment with tumours. Table III shows the necessary 
re-arrangement of data from Table I for this purpose : 


TaBLE III.—Re-arrangement of the Data from Table I for the Determination 
of the Percentages of the Surviving Mice bearing Tumours at the end of 
Consecutive 30-Day Periods of the Experiment. 


Initial number of mice in each group = 95. 
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71:4 100-0 
Treatment with tar was discontinued after the 120th day. 


The total surviving mice in each group at the end of any 30-day period can be obtained 
from Table I by determining the number of tumour-free mice (column 1) and tumour-bearing 
mice (column 2) dead before the end of the particular 30-day period and subtracting the sum 
from 95, the total number of mice in each group at the commencement of the experiment. 

The number of mice alive with tumours at the end of any 30-day period can be obtained 
from Table I by determining the number of mice that have developed tumours before the end 
of the particular 30-day period (column 3), and subtracting from this total any tumour. 
bearing animals that may have died previously (column 2). 

Thus by the end of the 270th day in the control group F, for instance, 27 tumour-free 
and 13 tumour-bearing mice had died, so that 95 —40 = 55 animals remained. 52 mice had 
developed skin-tumours (column 3) before the end of the same day, and of these, 13 (column 2) 
had died, leaving 39 mice with skin-tumours on the 270th day. The percentage of the 
surviving mice with skin-tumours on this day was, therefore, sh = 70°9. 


A few tumours appear in groups C, D and F during the 80-day period 
ending the 90th day, and henceforward the percentages of the surviving mice 
with skin-tumours increase in all groups until about the 270—300th-day period 
when there is a tendency for the percentages to decrease somewhat. During 
the critical periods of the experiment (90-330th) day the percentages of 
the surviving mice with skin-tumours is low in group C compared with the 
other groups, and there is a suggestion here that the experimental treatment 
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of this group is to a slight extent antagonizing the activity of the tar as 
manifested by the appearance of skin-tumours. 


(b) The Percentage Liability of the Animals Surviving without Skin- 
Tumours at the end of Consecutive 60-day Periods to Develop 
such Tumours during the following 60 Days. The Determination 
of the Group Experimental Condition Indices. 


A method which has certain advantages over the one described above for 
determining the relative resistance of the mice in each group to the induction 
of skin-tumours, consists of an examination of curves showing the relative 
percentage liabilities of the tumour-free mice to develop tumours in a given 
time. Table IV shows the necessary re-arrangement of data from Tables I 
and III for this purpose : 


TaBLE IV.—Re-arrangement of the Data from Tables I and III for the 
Determination of the Percentage Liability of the Mice Surviving and 
without Tumours at the end of each 60-Day Period to become Tumour- 
Bearing in the following 60 Days. 


Initial number of mice in each group = 95. 


Column. 
Period 1, 2. . 3. on 
; . i , Incidence of tumours Percentage liability of the mice 
ending, Mice surviving without during following to become tumonr-bearing in 
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By referring the value of the control group (F) to 100, the ratio of these average percentage 
liabilities of the animals to develop tumours becomes 91 : 104 : 74:105 : 100 for groups 
A, B, C, D and F respectively. 
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The total number of mice in each group surviving without skin-tumours at the end of 
any 60-day period can be obtained from Table III by subtracting the number of mice alive 
with tumours (column 2) from the total number of surviving mice (column 1). 

The incidence of skin-tumours in the tumour-free mice alive at the end of uny 60-day 
period during the following 60 days can be obtained from Table I (column 3). 

Thus from Table III it will be seen that there were, on the 120th day in the control 
group F for instance, 77 mic? alive (column 1), and of these, 9 had tumours (column 2). 
There were, therefore 68 mice without skin-tumours. During the following 60 days (i.e. 
during the period 120-180 days after the first tar treatment) 26 of these animals developed 
skin-tumours (Table I, column 3). The percentage liability of the mice surviving without 
skin-tumours on the 120th day to develop such tumours in the following 60 days was, 


therefore 20% 100 = 38-2. 
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The results for all groups for the 60th, 120th, 180th and 240th days are 
expressed graphically in Chart 2. 

The percentage liabilities of the animals to develop tumours show a 
maximum in all groups on the 120th day, which is equivalent to saying that 
the tumours appear in relatively larger numbers in all groups in the 60 days 
following the cessation of tar treatment. The curve for Group C occupies an 
abnormal position compared with those of the other groups. 


CHART 2. 
PERCENTAGE LIABILITIES OF THE 
MICE SURVIVING WITHOUT TUMOURS 
AT THE END OF ANY PERIOD TO 
DEVELOP TUMOURS /N THE 

FOLLOWING 6O DAYS 
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This second method for comparing the resistance of the mice to the 
induction of tumours in the different experimental groups is not so limited in 
its application as the first method. It has occasionally proved useful in cases 
where the effects of one type of experimental treatment on the incidence of 
skin-tumours and a quite different treatment on the rate of growth or 
metastatic spread of the developing tumours is being examined. In such a 
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case as this the first method of utilizing the curves illustrating the percentages 
of the surviving animals with tumours in each group for comparative purposes 
cannot be employed, since two treatments, one before and one after the 
appearance of the tumours, are involved. The second method suggested, 
on the other hand, is not concerned with the history of the tumour-bearing 
animals after the first appearance of the tumour (¢.e. when a different 
treatment might be commenced), and can therefore be employed with safety 
to estimate the comparative reactions of the animals in the different groups to 
the effects of the tar. 

The second method can also be adapted to express the relative influence of 
a series of experimental treatments compared with that of an untreated control 
group, as a definite numerical ratio. In the present experiment, for instance, 
the relative influence of the four diets on the induction of tar tumours in the 
animals may be compared with that of the control group by determining the 
average of the percentage liabilities of the tumour-free mice, say, on the 60, 
120, 180 and 240th days to develop tumours in the 60-day periods 
respectively following these selected days. It will be seen from Table IV that 
these average percentage liabilities of the animals to develop tumours is 23°4, 
26°9, 19°1, 27°1 and 25°8 for groups A, B, C, D and F respectively. If we 
assign the value 100 to the control group (F), then the ratio of the percentage 
liabilities of the animals to develop tumours becomes 91 : 104: 74: 105: 100 
for the five groups. These group values may be conveniently termed the 
experimental condition indices (E.C.I). With the exception of that for the 
C group the E.C.I. values are very similar and, broadly interpreted, this may 
be taken as suggesting that the activity of the tar as manifested by the 
appearance of skin-tumours is the same for groups A, B, Dand F but slightly 
suppressed in group C. 


(3) The Relative Rates of Growth of the Tumours in the Different Groups 
from the Time of their First Appearance until the Death of the 
Animal; the Periods of Survival of the Animals after: 
the First Appearance of the Tumour. 


A general impression of the shape, form and rate of growth of the skin- 
tumours in each group can be obtained from the fortnightly chartings over 
the experimental period. No evidence existed in the present series to suggest 
that the rates of growth had in any way been influenced by the experimental 
conditions. 

The following table shows the average period in days which the tumour- 
bearing animals in each group lived after the first appearance of the skin- 
tumour : 

Group. A, B, Cc, Dz F. 


Number of tumour-bearing mice dead by the 480th or 
after the first treatment with tar . , 49 54 39 56 = 47 


Average period of survival in days of the mice oeben the 
first appearance of the skin-tumour : ; . 130 118 105 137 135 


As a matter of general interest, the average period of survival of the 255 
mice of all groups, after the appearance of the tumours, was 126°5 days. It 
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will be observed that the animals of group C survived for a somewhat shorter 
period of time after the appearance of the tumours than those of any other 


groups. 
These survival results may be presented in a slightly different form, 


’ CHART 3. 
PERCENTAGES OF TUMOUR-BSEAR/NG 
MICE SURVIVING FOR VARYING T/MES 
AFTER FIRST APPEARANCE OF 

TUMOUR. 
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depending on the percentages of the tumour-bearing animals surviving for 
different 60-day periods after the first appearance of the tumours. Such a 
presentation is shown in Chart 3. 

There was a general tendency for the animals of group A to survive for a 
longer period than those of other groups, where 61-120 days was the most 
frequent period for the animals to survive after the appearance of the tumour. 
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(4) The Occurrence of Metastatic Deposits in Other Organs and Tissues, 
more especially the Lungs, and the Incidence of Primary Epithelial 
Lung Tumours in the Animals of the Five Experimental Groups. 


Metastases to the primary skin-tumour occur frequently in mice tarred 
under the conditions described. They are found more especially in the 
adjacent lymph-nodes and in the lungs, and less frequently and at a later 
period of the experiment in the liver, spleen, heart, etc. Table V shows the 
results of the examination of 257 tumour-bearing mice from the five groups of the 
experiment. For the purpose of the examinations, the organs of each animal 
were scrutinized by two observers at the time of autopsy. The lungs from 
each animal were again examined after they had been fixed in 10% 
formol saline for 48 hours. This preliminary examination was followed up 
by a microscopical survey of sections of the skin at the site of tarring, of 
nodules of the lung, and of any tumour-like deposits in other organs and tissues. 


TaBLE V.—Summary of Post-mortem Examinations of Tumour-Bearing Mice. 


Column, 





| 2. 8. 
Presence of nodules in lung tissues, Presence of tumour- 
Total numbers of tumour- -—_-\. oo. like deposits in 


bearing mice, sos ss Visible after fixation other organs. 
eta tot Taner ca beepers ms ee ag in 10% formol saline, Visible at autopsy. 
Died. Killed, Examined,* SS, 


+ RR —_—_—_, 

No. % total, No. % total, No, % total. 
49 : 51 Ny 333 s 45°1 i 10 196 
54 54 : 315 ; 2 53°7 : 5 93 
39 42 : 26°2 : p 500 ; 3 71 
56 54 ; 33°3 ; : 55°6 ‘ 8 148 
57 56 : 2¢ 35°7 ; 3: 571 : ll 196 

Totals . 255 257 : 32°7 ‘ 52°4 : 37 





* Of the 264 post-mortem examinations, the findings of 1 from Group A, 2 from C, 2 from D 
and 2 from F have not been included. 


The percentages of the animals with lung nodules distinguishable at autopsy 
varied in the different groups from 26°2 to 35°7, with an average for all mice 
of 32°7. The percentages of animals with tumour-like deposits distinguish- 
able at autopsy in organs other than the lungs varied in the five groups from 
71 to 19°6, with an average for all mice of 14°4. It is obvious, therefore, that 
these nodules of the lungs are a more consistent feature of the post-mortem 
examinations than the cancerous deposits in other organs. 

After the fixation of the lung tissues in formol saline for 48 hours, many 
nodules which were indistinguishable before become readily recognizable to 
the naked eye. Thus the percentages of the animals with lung nodules which 
were visible to the naked eye after such fixation of the tissues varied in 
different groups of the present experiment from 45°1 to 57°1, with an average 
for all mice of 52°4. To summarize, nodules were distinguishable in the 
lungs of approximately one in every three tumour-bearing animals at post- 
mortem examination, and after fixation in formol saline, in the lungs of 
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approximately one in every two such animals. A proportion of these lung 
nodules in any group of tarred mice almost invariably escapes the closest 
examination until after the fixation of the tissues in formol saline. Even 
then, of course, some may still remain undetected until the lungs have been 
subjected to such a technique as that adopted by Fibiger and M¢ller (1927), 
who carried out an exhaustive examination of the tissues by means of serial 
sections. At the same time, in comparative experiments where the general 
health and weight curves of the animals in the different groups are similar, 
data on the percentage incidence of these lung nodules visible to the naked 
eye after fixation of the tissues should prove useful criteria of the rela- 
tive influence of the experimental conditions. The exact nature of these 
nodules cannot, of course, be decided until microscopical examinations have 
been carried out. The histology of the lung tissues of the animals of the 
present experiment has been studied in detail, and the general results are 
similar to those published by Fibiger and Moller (loc. cit.). In the majority 
of cases the lung nodules of the mice with skin-tumours consist of 
squamous epitheliomata, secondary to the primary tumour, or primary 
epithelial lung tumours of an adenomatous type. In the tarred animals 
without skin-tumours, the lung nodules are normally of the latter type. The 
incidence of this type of lung nodule visible to the naked eye after fixation of 
the tissues in formol saline in normal untarred mice of the same breeding 
stock was found to be 6%, of which 4% were visible at autopsy. The 
susceptibility to this type of lung tumour is, in some way not yet understood, 
increased considerably by treating the skin of the mice with tar, whether skin- 
tumours occur or not. That such an increased susceptibility, experimentally 
produced, can be inherited by the offspring of the tarred mice is suggested by 
the recent work of Schabad (1929). The problem of lung tumours in mice, 
although a complicated one, is obviously of importance. No significant 
differences between the histological picture of the lung nodules of the animals 
in the five groups of the present comparative experiment could be traced. 


SUMMARY. 


(1) A method which has been used for the determination of possible small 
differences in the reaction of mice, maintained under varying experimental 
conditions, to the periodical applications of coal tar to the skin has been 
described. 

(2) The influence of the experimental conditions has been assessed in an 
experiment lasting 480 days, by comparing the reaction of the mice to the 
tar in regard to the following points with that of a group of similarly tarred 
but otherwise untreated control mice. 


(a). The induction of skin-tumours as measured by one of the following 
methods : 


(1) The examination of the percentage numbers of surviving mice 
bearing skin-tumours at the end of each 30-day period of 
the experiment. 
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(2) The determination of the percentage liabilities of the mice alive 
without skin-tumours at the end of each 60-day period to 
develop such tumours in the following 60 days. 

(3) The determination of the so-termed experimental condition 
index (E.C.I.) by the method described. 


(b) The rate of growth of the skin-tumours from the time of their 
jirst appearance until the death of the animal. 


(c) The percentage number of tumour-bearing mice with typical 
nodules of the lung visible after fixation of the tissues for 48 hours in 
10% formol saline. 


(d) The microscopical structure of the primary skin-tumour, its 
metastases in the lungs and other tissues, and of the epithelial tumours 
of the lung. 


(3) Of 255 mice with skin-tumours, 52°4% were found to contain typical 
nodules of the lung distinguishable after fixation of the lung tissues for 48 hours 
in formol saline. Nodules of the lung in only 32°7% of the animals were visible 
to the naked eye before such fixation of the tissues. 
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WHEN an active filtrate of the Rous sarcoma No. 1 is incubated at 37°C. 
a turbidity gradually develops in the fluid. Both the time at which this 
change is first definitely visible, and also the degree of turbidity that is 
ultimately reached, vary widely from filtrate to filtrate, but it may be stated 
that as a rule a perceptible clouding of the filtrate appears within 4 hours 
of the commencement of incubation, and that during the succeeding hours— 
even to 24 or 48 hours or more—the turbidity steadily increases, until ultimately 
the insoluble matter to which the turbidity is due separates out as a definite 
deposit. The amount of precipitate formed depends upon the concentration 
of protein in the filtrate. If very little protein is present then the maximum 
turbidity reached may be so slight that it is apt to be passed over unnoticed, 
while if the filtrate has been made by the saturated-salt method described in 
a previous paper (Gye and Purdy, 1930), and therefore containing abundant 
protein, incubation overnight usually leads to the formation of a dense deposit. 
That the appearance of this turbidity is really accompanied by a throwing of 
proteins out of solution is readily demonstrated by spinning down the insoluble 
material that has appeared in the filtrate and then testing the clear super- 
natant fluid by boiling and addition of acetic acid. If the reaction has run to 
its limit there is left little or no protein detectable by this method. These 
gross and visible changes which occur during incubation are almost certainly 
attributable to the activity of tissue enzymes. They are not peculiar to 
tumour extracts; similar changes commonly occur in extracts of normal 
tissues, both of the embryo and adult animal. 

Almost coincident with the formation of these precipitates that appear during 
incubation of a tumour extract there is a steady fall in the potency of the 
extract—that is, in the power of the extract to induce tumour-formation when 
injected into normal fowls. But the parallel is not complete. The earliest 
opalescence precedes the earliest detectable loss of potency, and the formation 
of precipitate continues long after the filtrate has become absolutely inactive. 

Whilst it is constantly true that all filtrates slowly lose their activity at 
incubator temperature, it is found that with different filtrates there are great 
differences in the rate at which this loss occurs. We have observed some 
filtrates lose all infective power in 4 hours at 37°C.; others, though rarely, 
have retained some activity after 24 hours’ incubation, and on at least one 
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occasion we have been able to detect infective power in a filtrate that had been 
kept in the incubator for 48 hours. 

The following experiments illustrate these statements : 

Experiment I.—On December 6th, 1928, 4 gm. of tissue from a Rous 
sarcoma No. 1 was ground with sand and extracted with 100 c.c. of saline, 
which after spinning was passed through a Mandler candle. 10 c.c. of this 
candle filtrate was placed in the cold room and served as a control of the 
original potency of the filtrate. Another 10 c.c. of the same filtrate was placed 
in the incubator at 37°C. At the end of 4 hours the following 6 test-injec- 
tions were made : 

(a) Three fowls each received into the muscles of the right breast 1 c.c. 
of the control filtrate that had been stored in the cold room at about 3°C. 
All three birds developed tumours and were dead within 31 days. 

(b) Three fowls each received into the muscles of the right breast 1 c.c. of 
the incubated filtrate. The birds were kept under observation for 5 weeks but 
no tumours developed, thus showing, by comparison with the three birds first 
mentioned, that a tumour filtrate of fairly high initial potency had become 
inactive as a result of the 4 hours’ incubation. 

Experiment II.—On December 13th, 1928, a candle filtrate made in a 
similar way to that described in the protocol to Experiment I was distributed, 
10 c.c. being placed in each of two tubes. One tube was kept in the cold 
room as control and one was incubated at 37°C. Ten hours later the . 
following injections were made : 

(a) Three fowls each received into the muscles of the right breast 1 c.c. 
of the filtrate which had been kept at about 3°C. All three birds were dead 
of their tumours within 29 days. 

(6) Three other fowls each received into the muscles of the right breast 
1 c.c. of the incubated filtrate. When the experiment was terminated 4 weeks 
later one of these birds was found to have no tumour at all, while the other 
two each had a tumour of fair size in the right breast, thus showing that the 
potency of the filtrate, although somewhat reduced as a result of the incubation, 
had not been entirely lost. 

Experiment III.—On December 18th, 1928, an extract of Rous sarcoma 
was made by the saturated-salt method, spun and passed through a large 
Berkefeld N candle. Of this filtrate 20 c.c. was placed in each of two large 
test-tubes, one of which was then kept in the cold room at about 3° C. and the 
other in the incubator at 37°C. Samples for injection were taken from these 
tubes as required. At the end of 4 hours the incubated filtrate had become 
perceptibly clouded. From it each of three fowls received into the muscles 
of the right breast a dose of 1 c.c. At the same time each of three other 
fowls received at the same site a similar dose from the filtrate stored in the 
cold. All these six birds developed tumours and were dead within 31 days. 
No appreciable difference could be found between the sizes of the tumours in 
the two groups of birds. At the end of 10 hours when the turbidity of incubated 
filtrate had considerably increased, test injections were made into six other 
fowls, doses and sites being as before. Of these six birds, the three that 
received filtrate that had been stored in the cold room were all dead of their 
tumours within 33 days; but of the three that received test-injections 
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from the filtrate that had been incubated at 37° C., not one developed a tumour 
during the period of nearly five weeks during which time they remained under 
observation. Thus the infectivity of the filtrate had been lost by the end of 
10 hours at incubator temperature. By the next morning—that is, after some 
24 hours at 37°C.—the incubated filtrate had become very turbid while 
that in the cold room remained perfectly clear. 

We have not been able to satisfy ourselves that the power to resist 
incubation varies directly with the initial potency of a filtrate; the balance of 
evidence is against this explanation, which is the simplest conceivable. There 
seems to be some factor much more potent than this, and the explanation 
appears to depend rather upon some accidental property of the filtrate itself, 
such as the variable activity of the enzymes present, or of the accidental 
presence or absence of an accelerator substance. 

This instability of the saline extracts of the Rous sarcoma No. 1 may be 
contrasted with the relative stability of broth diffusates. When a fragment of 
tumour—about 0°3 gm.—is dropped into a tube of broth, and the tube is 
incubated aérobically, it is found that the supernatant fluid remains active even 
after 3 to 10 days’ incubation. No opalescence forms in the fluid until after 
4 to 7 days in the incubator. 

Peyton Rous (1919), who first observed the instability of filtrates kept at 
incubator temperature, found that the addition of blood-serum to a filtrate 
prevents this loss of potency—at least the serum considerably delays the loss. 
This observation we can confirm. The following experiment is illustrative : 

Experiment of March 8th, 1925.—A saline extract of the Rous sarcoma 
was made, spun, and passed through a Chamberland Lz filter-candle. To 
18 c.c. of the filtrate 2 c.c. of fresh rabbit serum was added; to a second 
18 c.c. of filtrate 2 c.c. of saline was added. Both were now incubated at 
37°C. At the end of 48 hours three fowls were inoculated ; in the right 
breast 1 c.c. of the serum-filtrate was injected, in the left breast 1 c.c. of the 
saline-filtrate mixture. Tumours developed in the right breast, none in the 
left. After 72 hours three other fowls were inoculated similarly ; no tumours 
developed in either breast. 

This experiment shows that the rabbit-serum protected the active 
agent of the filtrate for 48 hours but not for 72 hours. Protection by 
blood-serum is constant, but the protection seldom lasts longer than 
two days. 

The sera we have tested are the following : fowl, duck, rabbit, horse, goat, 
rat, mouse, guinea-pig and human. In all except that of the guinea-pig the 
sera preserve the activity of a filtrate under such conditions as those indicated 
in the above experiment. This preservation occurs whether the serum is 
used fresh or old, or whether or not the serum has been heated to 55° C. for 
30 minutes. With guinea-pig serum it is not uncommon to observe some 
power of inactivation. 

The practical difficulties arising from the transient nature of the active 
agent found in filtrates of the Rous sarcoma No. 1 stimulated further research 
and speculation as to the cause of the instability. At first it was thought that 
the loss of infectivity was due to a process of simple oxidation, but exposure 
to atmospheric oxygen as distinct from nascent oxygen seems not to play any 
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major part in the process, for if, as we have often done, 10 c.c. of a given 
filtrate be placed in each of two test-tubes plugged with cotton-wool, and if 
these tubes be both incubated at 37°C., the one aérobically and the other 
anaérobically in a McIntosh and Fildes anaérobe jar, then suitable test-injec- 
tions of fowls will show that the potency of the filtrates incubated aérobically 
disappears only a short time before that of the one incubated anaérobically. 

Presently more specific consideration was given to the tissue ferments and 
various attempts were made to inhibit their action. Hydrocyanic acid was 
tried, since it is well known as a general antiferment and seemed on other 
grounds to be a suitable substance for use. It was found that when cyanide 
is added to ‘a tumour filtrate remarkable results are obtained, the potency of 
a filtrate being preserved far beyond the time at which it would normally 
become inactive. The following is an illustrative experiment : 

Experiment V.—On August 11th, 1927, a solution of HCN was made by 
adding sufficient normal HCl to 2 c.c. of normal KCN to form a neutral 
solution. Sufficient distilled water was then added to the mixture to bring 
the total volume up to 54 c.c.; the final strength of the HCN was thus 
approximately 1 in 1000. Of this cyanide solution 2 c.c. was added to a tube 
containing 20 c.c. of a candle filtrate of a saline extract of Rous Sarcoma No. 1. 
To another tube containing 20 c.c. of the extract 2 c.c. of saline was added. 
Thus were prepared two tubes each containing a like concentration of tumour 
extract ; one of them contained.also hydrocyanic acid in a concentration of 
1 in 11,000. Both tubes were incubated together at 37°C., and from time to 
time samples were taken for potency tests. Only two of these tests need be 
mentioned here. The first was a test of the initial potency of the mixtures. 
Three fowls were taken, and into the right breasts of each was injected 1 c.c. 
from the tube containing cyanide ; into the left breast of each was injected a 
like amount from the tube containing no cyanide. ‘Tumours developed in 
both breasts of all three birds, and the birds were dead within 33 days. The 
tumours on the two sides were sensibly equal in each bird. The other test 
was made later, at the end of 48 hours’ incubation. Three fowls were taken 
and test-injections made exactly as before. Of these birds one failed to 
develop a tumour. Of the other two both developed a large tumour in the 
right breast, 7. e. on the site of the injection of the incubated filtrate-cyanide 
mixture, but no tumour in the other breast, 7. e. at the site of the injection of 
the incubated plain filtrate. One of these two birds died at 37 days and one 
at 42 days after the injection. 

In this experiment, then, a concentration of 1 in 11,000 HCN preserved 
the potency of a filtrate for 48 hours at 37°C. It is very rare for an 
unprotected filtrate to retain its potency so long as this, but it is quite common 
for filtrates containing cyanide to remain highly active for 48 hours and even 
longer. Ordinarily we have found it convenient to use HCN in final con- 
centrations of from 1 in 10,000 to 1 in 4,000, the concentration chosen being 
governed partly by the necessity of keeping the total amount of cyanide to be 
injected into any one fowl below the toxic dose for that size of bird. The 
preservative action of HCN is appreciable even in high dilutions. Concentra- 
tions of 1 in 20,000 or even 1 in 50,000 are quite useful. Cyanide solutions 
must of course be brought to about pH 7°4 before they are added to filtrates, 
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otherwise pH effects are apt to be superadded to those due to the simple 
cyanide. 

One other effect of cyanide is worthy of note: Not only does the presence 
of cyanide inhibit the normal destruction of potency which takes place when a 
tumour filtrate is incubated at 37°C., but under the same circumstances it 
also inhibits the formation of the precipitate which has already been mentioned 
as being also a characteristic change which takes place. An incubated 
tumour extract—as also incubated extracts of normal tissues—remains 
perfectly clear for many hours if HCN is added. When the concentration of 
HCN is as much as 1 in 1000, turbidity of the filtrate does not appear within 
48 hours; with every lower concentration, e.g. 1 in 10,000, of HCN the 
filtrate becomes opalescent within 24 hours, but in this case the opalescence is 
slight compared with the normal control tubes. 

Mueller (1928) followed up these observations that HCN will protect 
against loss of potency, and was able to show that a neutral solution of cystein, 
when added to a filtrate of sufficient strength to produce a final concentration 
of 1 in 1000, will also protect against the loss. We have confirmed this 
observation many times. The protective power of cystein is of much the 
same high order of efficiency as is the similar action of HCN. Mrs. Holmes 
in Cambridge (private communication) has shown that reduced glutathione 
has a protective power of similar high efficiency. 

We find that the addition of cystein to a filtrate is more effective than 
HCN in preventing the formation of precipitates. Tumour filtrates containing 
cystein may be incubated for a week and no turbidity forms ; the infectivity of 
the filtrates, nevertheless, rarely lasts longer than three days. Serum, too, has 
been found to protect indefinitely against precipitate formation, though it 
rarely protects the potency of a filtrate beyond about two days. 

Mueller attributed the protection against loss of potency to the prevention 
of a process of auto-oxidation. On this point, however, the evidence seems 
insufficient to warrant a decision as to whether these preservative substances 
are such because they prevent an oxidation, or because they prevent the action 
of a proteolytic system. Recent work by Grassman, Dickerhoff and 
Schoenebeck (1929) has shown that substances that protect against oxidation 
may also protect against proteolytic enzymes. 


SUMMARY. 


1. Filtrates of the Rous sarcoma No. 1 are unstable at incubator 
temperature, and slowly become inactive. 
2. The loss of potency is prevented by the addition of HCN. 
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